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Abstract		
	
This work considers interactions occurring between humic acid (HA) and other representative 
components of oil sands such as sand and clays, and their potential effect on bitumen recovery. 
Further, it considers the characterisation of oil sand components in terms of physico-chemical 
and dielectric properties. The study focuses on a combination of artificially prepared systems 
analysed using a variety of techniques, including dielectric spectroscopy (DS), UV-Vis 
spectrophotometry (UV-Vis), sedimentation analysis and adsorption isotherms. Finally, it talks 
about HA extraction from natural oil sands, HA behaviour in solution and its interactions with 
oil sand components. 
 
Dielectric properties arise from electronic and atomic polarisation or dipole, ionic or dielectric 
relaxation mechanisms. The particular sensitivity of basic electrical measurements, e.g. 
resistivity, to the presence of water made the original use of this approach most relevant to the 
determination of water-filled porosity in model oil sand samples. The present study builds on 
recent developments in the literature, and, specifically determines the extent to which the 
potentially dominant effects of water can be overcome in order to access additional 
information, such as wettability. DS was used to study physico-chemical and structural 
characteristics of artificially prepared simplified oil sand systems. At the low-frequency DS 
analysis (10-3 – 107 Hz) yields complex properties, which revealed contributions from 
underlying processes in materials, including electronic, ionic and interfacial polarisation. 
Dielectric measurements undertaken on a range of artificially prepared samples revealed 
strong, regular dependencies on the composition of the systems. This model study proved DS 
to be a valid method for the analysis of complex systems such as synthetically prepared oil 
sands. The results indicated wettability change in a systematic manner in samples made up of 
varying combinations of sand, clays, water and bitumen.  
 
It has been considered that water-soluble organic species can influence the recovery of bitumen 
by having an effect on parameters such as wettability or surface charge, thereby altering 
interactions between oil sand components. HA is of considerable environmental significance, 
being a major component of soil. However, its structure and colloidal properties continue to be 
the subject of debate, largely owing to its molecular complexity and association with other 
humic substances and mineral matter. Natural oil sand (NOS) samples obtained from Alberta, 
Canada were separated into solid, oil and water fractions.  HA was further extracted out of 
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water fractions using a range of procedures. The obtained organic species were identified 
mainly using Fourier Transform infrared (FTIR) spectroscopy and compared against standard 
components. The presence of aromatics, alcohols, phenols, ketones and aliphatic and aromatic 
amines was confirmed in the extracted HA samples.  
 
An adsorption study of HA on mineral surfaces was done by means of conductivity 
measurements. The adsorption of various concentrations of NaHA from the aqueous solutions 
onto the surface of sand, clay and sand-clay mixtures with varying ratios was studied by means 
of DS and the UV-vis absorption measurements. The results showed a strong affinity of the 
HA present in the solutions to the surface of sand and clay. The calculations based on the results 
obtained proved the significance of clay in the HA-solids interactions. Although the sand 
surface covered in HA remains naturally hydrophilic (slightly less than a natural sand), it 
hinders the adsorption of asphaltenes onto the surface. The HA adsorbs onto the asphaltenes 
coated sand, making the surface increasingly more hydrophobic over time.  
 
Colloid and interfacial properties were studied by means of conductivity, surface tension and 
zeta potential measurements. a class, HA is considered to comprise supramolecular assemblies 
of heterogeneous species, and herein, a simple route for the separation of some HA sub-
fractions was considered. A commercial HA sample has been fractionated into two soluble (S1, 
S2) and two insoluble (I1, I2) fractions by successive dissolution in deionised water at near-
neutral pH. These sub-fractions have been characterised by solution and solid-state methods. 
Using this approach, the HA has been shown to contain non-covalently bonded species with 
different polarity and water solubility. The soluble and insoluble fractions have different 
chemical structures, as revealed particularly by their solid-state properties (13C Nuclear 
Magnetic Resonance (NMR) and FTIR spectroscopies, and thermogravimetric analysis 
(TGA)); in particular, S1 and S2 were characterised by higher carbonyl and aromatic content, 
compared with I1 and I2. The soluble fractions were shown to behave as hydrophilic colloidal 
aggregates. It was found that HA dissolution is not affected by the temperature change or 
increase of agitation and it was reduced by the presence of mono- and divalent ions. The 
negative nature of HA was confirmed and it was found that it flocculates by addition of cationic 
surfactant. The presence of HA in the solution also showed stabilisation of clay dispersions.   
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Chapter	1	Introduction		
1.1. Inspiration behind the research 
1.1.1. Oil, heavy oil and bitumen 
Unstable energy prices and dwindling conventional oil supply has encouraged significant 
investment into researching other means of providing energy. Better understanding of 
processes occurring within oil sand reservoirs would allow more efficient extraction and 
processing of those resources. It has been estimated that “heavier” than conventional oil 
reservoirs make up to 70% of the world’s total remaining oil resources (Kornienko & 
Avtonomov, 2015; Alboudwarej et al., 2006; Hein, 2017). Although there is no standard 
relationship between density (“heaviness”) and viscosity of the oil, those two terms are often 
used interchangeably in reference to oil. Regardless of the terminology used, the typical 
distinction between the types of oil refers to the viscosity of a particular reservoir. This 
distinction has been significant as the viscosity is an important fluid property of the oil as it 
dictates its producibility and recovery. Typically, the more viscous the oil, the harder and more 
expensive it is to recover, therefore, the lower its economic value. The heavier the oil, the more 
contaminated it is with undesirable components and the more wastewater is often produced as 
a by-product during recovery.  
 
Although there is no hard rule to what exact values of viscosity and density are referred to, 
there are some general reference points available. Some group different viscosity oils into light 
(or conventional) with viscosities in the range 1-10 cps1 at reservoir temperatures, heavy, extra-
heavy and bituminous. The ranges of the heavier oils vary significantly and range between 20-
1,000,000 cps. Extra-heavy has been also referred to as ultra-heavy or super-heavy. The present 
work focuses on very heavy oil reservoirs containing the most viscous hydrocarbons, referred 
to as bitumen.  
  
                                               
1 Cps (centipoise) - A unit of dynamic viscosity in the CGS system of units. A centipoise is one millipascal 
second (mPa·s) in SI units. Water has a viscosity of 0.0089 poise at 25 °C, or 1 centipoise at 20 °C. (Source: 
Convert Units, accessed on August 27, 2018 [available at: https://www.convertunits.com]).  
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1.1.2. Current recovery methods 
Although not nearly as profitable as conventional oil, heavy oil reservoirs can now be exploited 
profitably. Many countries are making continuous progress into understanding the reservoirs 
and developing the most cost effective and efficient extraction methods, especially with the 
emergence of new technologies. Until quite recently, the vast majority of heavy oil extraction 
was achieved using surface mining, where the overburden is less than 65 metres. This was 
possible as the deposits of heavy oil are reasonably shallow, in comparison to deeper 
conventional oil deposits. The recovery of bitumen by surface mining was reported to be 
anything between 41% and 87%. Those giant deposits are trapped on the flanks of huge 
depressions formed by down warping of the Earth’s crust during mountain building. Petroleum 
trapped in marine sediments migrate updip2 into sediments eroded during newly formed 
mountain ranges. The Western Canadian sedimentary basin in Fort McMurray in Alberta 
consists of one of the world’s largest heavy oil deposits. In the shallow and cool sediments, 
microbes biodegrade the oil forming heavy oil and bitumen. Biodegradation leads to 
breakdown of medium and light hydrocarbons into methane, and increases density, viscosity 
and acidity. The most favourable temperature for the process to occur is at less than 80 °C and 
therefore it is restricted to shallow reservoirs of up to 2.5 miles in depth (Shah et al., 2010; 
McGlade, 2012).  
 
The processes of heavy oil recovery are continuously developing; however, currently they can 
be divided into two main groups, referred to as “cold” and “thermally-assisted” methods. The 
cold recovery process (i.e. without addition of heat) is cheaper and used when the natural 
viscosity of the heavy oil allows it to flow at economic rates. Thermally-assisted methods are 
used when application of heat is required to lower the viscosity of oil to allow it to flow. Surface 
mining, mentioned before, is the original method of cold heavy oil recovery. Recovered oil 
sands obtained by mining are transported by truck into processing plants where warm water is 
used for separating bitumen from sand and clays. Bitumen is further upgraded and diluted with 
lighter hydrocarbons to produce its usable form, referred to as synthetic crude oil (“Syncrude”). 
Other cold production methods, typically for offshore reservoirs and those below 75 m in depth, 
involve drilling boreholes. Various horizontal and multilateral wells are drilled in such a way 
                                               
2 Updip - (Geology) located up the slope of a dipping plane or surface. In a dipping (not flat-
lying) hydrocarbon reservoir that contains gas, oil and water, the gas is updip, the gas-oil contact is downdip 
from the gas, and the oil-water contact is still farther downdip (Source: Oilfield Glossary, accessed on 
December 27, 2017 [available at: http://www.glossary.oilfield.slb.com/Terms/u/updip.aspx]).  
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as to access as much of the reservoir as possible and methods involving pumps, solvents and 
other additives or waterflooding may be used to lower the viscosity and displace the oil. 
Although these techniques require significantly lower capital investment relative to thermally-
assisted methods, the recovery is low (6 – 12%). Thermally-assisted techniques vary; however, 
most involving injection of steam into the reservoir to heat up the oil and lower its viscosity. 
The recovery using these techniques reaches 30%, which is significantly higher than the cold 
methods, but is also much costlier (Shah et al., 2010; McGlade, 2012; Hein, 2017).  
 
Steam-assisted gravity drainage (“SAGD”) is one of the thermally-assisted heavy oil recovery 
methods and currently the method of choice in many locations. This method was introduced in 
heavy oil extraction from bituminous sands from the Fort McMurray reservoir not only because 
it is suitable for extra-heavy oils, but also because of the successful recoveries, reported to be 
up to 70%. The technique is suitable for the recovery of oil lying deeper and therefore not 
accessible by mining (75 – 500 m) and it is non-invasive when compared to surface mining 
(McGlade, 2012; Dong, 2012).  
 
The SAGD process uses a pair of wells known as the “injection well” and “production well”. 
These wells are drilled horizontally with the production well sitting 5 to 7 metres below the 
injection well. After injection of steam through the injection well, a hot “steam chamber” is 
formed in which bitumen is collected by the production well in the form of an emulsions 
containing water, clay and sand (Figure 0-1). The flowing mixture is pumped to the surface 
and processed to separate bitumen initially from solids and water then it is diluted and 
transported to oil refineries for further processing (BP website; Dong, 2012).  
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Figure 0-1 - Scheme representing basic principles of steam-assisted gravity drainage (“SAGD”) 
process used for heavy oil recovery (image - courtesy of BP Canada, BP website). 
The problems that operators routinely face during the SAGD production from Athabasca oil 
sands were the main inspiration behind this research and are described below. 
 
Low recovery rates when compared to those reported in the literature 
BP Canada achieved a maximum of 30% recovery of heavy oil during the extraction process, 
whereas reported in the literature yields vary between 30 and 70% (McGlade, 2012). It was 
found that the efficiency was related to wettability of the reservoir that is referred to as “water-
wet” or “oil-wet”. This terminology is generally used to describe whether the inorganic solids 
present (such as sand or clay) are in direct contact with oil (oil-wet) or water (water-wet).  
 
Large amounts of contaminated water formed as by-product 
It was found that large amounts of heavily contaminated water are produced during the 
processing of recovered oil sand. The main characteristic of this water is that it is rich in 
dissolved organic matter (DOM), such as humic acid (HA). The purification of water is very 
expensive and simple release of it into a landfill is impossible due to the large amount of 
contamination present, which would be detrimental to the environment (Kawaguchi et al., 
2012).  
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Emulsification and emulsion destabilisation issues 
SAGD was found to recover heavy oil in the form of an emulsion with water and clay particles, 
that are very difficult, time consuming and expensive to separate. The emulsions were found 
to be very stable, i.e. they did not destabilise when left for weeks or months to settle or while 
using standard methods for destabilisation. The most stable emulsions were found to relate to 
high HA contamination as a proportion of dissolved organic matter (DOM) content.  
 
This research has therefore been inspired by the problems faced during upstream processing of 
very heavy oil extraction and recovery. This work forms a part of a larger research project on 
SAGD heavy oil recovery, done in collaboration between the University of Surrey in the UK, 
BP Centre for Petroleum and Surface Chemistry in UK, BP Canada and University of Calgary 
in Alberta, Canada. Examples of the large research project included, but was not limited to, the 
study of the bitumen composition and the physico-chemical processes occurring within the 
reservoir and during extraction and processing, inorganic components present in Athabasca oil 
sands and the way they affect extraction and processing, emulsification, engineering aspects of 
SAGD processes occurring within reservoirs, recovery of contaminated water, in-situ 
evaluation of viscosity of heavy-oils and water-soluble organic components.  
 
This study addresses the water-soluble organic components naturally present in the reservoir 
and also potentially produced during processing, in particular HA, which is associated with the 
issues listed above. It was not known whether HA could cause the above issues, or take part in 
some process that leads to them, by affecting reservoir wettability, stabilisation of emulsions 
or affecting in any way SAGD-processed water.  
 
Interactions between the surfaces of oil sand components are known to affect their separation 
(Ait-Akbour et al., 2002; Jada et al., 2006; Kang & Xing, 2007). Surface interactions between 
water, bitumen and solids present in oil sand play an important role in a successful oil recovery 
(Masliyah, 2004). As mentioned above, those interactions are key, not only during the initial 
oil release from the reservoir, but also during the separation of components present in waste 
water during its recovery (Majid & Ripmeester, 1990) or even when dealing with oil spillages 
(Shen & Jaffe, 2000). 
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1.2. Previous findings 
1.2.1. Athabasca oil sands 
Wettability of the oil sand reservoir is important, as extracting bitumen from “oil-wet” 
reservoirs is believed to be more difficult than from “water-wet” ones (Czarnecki et al., 2005; 
Takamura, 1982; Hashemi-Kisari et al., 2014), in particular when using water-assisted 
recovery techniques such as SAGD. On the other hand, others reported that changing 
wettability of a heavy oil reservoir from “water-wet’ to “oil-wet” had a positive impact on the 
oil recovery (Hashemi-Kisari et al., 2014). Other parameters reported to have an impact on oil 
recovery during SAGD included permeability and initial water saturation (Chan et al., 2012).  
 
The presence of a thin aqueous layer between bitumen and inorganic solids was studied and 
reported by Czarnecki et al. (2005) who investigated the assumption that Athabasca oil sands 
have hydrophilic character. Even though such character was mentioned in the literature on 
numerous occasions, reviewing the reference produced very little evidence supporting these 
claims.  
 
It is not known whether “water-wet” reservoirs consist of solids covered by the thin aqueous 
layers because the oil migration happened when the sand was wet or because of other factors 
that caused water to penetrate the system grain by grain (Czarnecki et al., 2005). It is also not 
known what proportion of particular reservoirs is “water-wet” and whether it is possible to 
establish that to significant certainty.  
 
The presence of water layers between the sand surfaces and bitumen was initially reported by 
Clark (1944), who was the first to study and report the potential of bitumen and developed the 
first experimental oil sand separation plant. Clark spent thirty-five years studying and 
optimising bitumen separation from Athabasca oil sands and wrote many letters (1920 – 1949) 
and reports, which were further published in books and articles throughout his career 
(Sheppard, 1989). His findings were supported by microscopic images and results of other 
tests, which showed that boiling water separates bitumen from sand surfaces, whereas simple 
heating does not. The vast majority of articles that refer to the “water-wet” character of 
Athabasca oil sands either show a surprising lack of evidence or can be tracked down to this 
article published by Clark in 1944.  
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Zajic et al. (1981) reported Transmission Electron Microscopy (TEM) examination of freeze-
dried oil sand samples, which showed that water was not on the sand surface but emulsified in 
the bitumen in the form of droplets. The same observation was made by Doan et al. (2012) who 
published images of Athabasca oil sand samples acquired with Cryo-Scanning Electron 
Microscopy (Cryo-SEM). Although both groups reported no evidence of the aqueous layer 
being present on the mineral surface, it is not known whether the process of freeze-drying 
altered the sample.  
 
Takamura (1982) assumed that in some parts of oil sand reservoirs, water was replaced by oil 
during the migration process and suggested that arrangement of water was determined by the 
degree of stabilisation of the water films, affected by the presence of an electric double layer 
(“EDL”) or van der Waals’ forces. The first stabilises, the latter destabilises the aqueous layer 
present between mineral surfaces and bitumen and the effect of both becomes negligible for 
films thicker than 50 nm. Displacement of water in “water-wet” systems by immersion in oil 
was backed up by the microscopic observations. 
  
Nuclear Magnetic Resonance (NMR) spectroscopy studies by Sobol et al. (1985) indicated the 
presence of two types of water in the oil sand system. One was attributed to bridges forming 
between sand grains and the other to the layer on the surface of clay minerals.  
 
A theoretical study by Czarnecki et al. (2005) suggested that the existence of a thin aqueous 
layer between the sand surface and bitumen is highly probable for most reservoirs, unless they 
have acidic character. According to his study, oil sand deposits should mostly be “water-wet”, 
unless the presence of acidic species destabilises the aqueous film. It was suggested that humic 
matter, or some form of asphaltene-like compounds, make the surface hydrophobic and 
therefore can result in an “oil-wet” reservoir.  
 
Although examining the bitumen itself did not form a part of this study, it is worth mentioning 
its basic characteristics as it was involved in some analyses. Bitumen is rich in sulfur, oxygen, 
nitrogen and other heteroatoms. Asphaltenes present within the bitumen are mainly responsible 
for the high viscosity of bitumen and therefore it has been suggested that studying its effect on 
various processes should be a first step in understanding bitumen chemistry (Strausz, 1977). 
Once asphaltenes have been removed, the remaining part represents the bulk of bitumen and it 
is referred to as the maltenes fraction consisting of saturates, aromatics and resins sub-fractions.  
  20 
1.2.2 Humic substances 
Various factors affect interactions between the oil and solid particle surfaces and they can vary 
depending not only on the parameters such as temperature or pH but also on the additional 
compounds present. A lot of attention has been given to water-soluble organic compounds such 
as HA, which were reported to interact with the solid surface altering its properties and 
affecting its affinity to oil components (Jaffé, 1991; Antworth et al., 1989; Czarnecki et al., 
2005).  
 
Shen and Jaffé (2000) studied the interactions between petroleum hydrocarbons and HA-coated 
and uncoated mineral surfaces. The study proved that higher sorption coefficients were 
obtained for the HA coated clays when compared to the uncoated ones. Non-ionic hydrophobic 
organic compounds present in oil were previously shown to interact with inorganic matter such 
as sand and clays via van der Waals’ forces resulting in the adsorption properties (Takamura, 
1982). This has been reported to be strongly dependent on the presence of water-soluble 
organic matter. Jaffé (1991) reported that the presence of organic components enhances the 
attraction between oil components and mineral inorganic matter. Additionally, it has been 
reported that the adsorption processes strongly depend on the nature of inorganic matter, such 
as composition or surface area, whereas desorption processes are mainly affected by the 
composition and amount of organic matter present on the surface of the sorbent particles 
(Antworth et al., 1989). The sorption capacity onto the inorganic matter has been reported to 
be determined mainly by the presence of functional groups, but also the hydrophobicity, 
aromaticity and polarity. Kaiser (2003) investigated the sorption of soil organic matter onto 
minerals and found that hydrophobic fractions of humic and fulvic acids, that were more 
aromatic and richer in carboxylic acid groups, adsorbed more strongly to the surface than the 
hydrophilic fractions with low aromaticity. It has been concluded that the aromaticity and 
aliphaticity, on their own do not have a big effect on the adsorption abilities of the material; 
however, the number and position of carboxylic acid groups attached to the aromatic parts of 
the molecules, do control the effectiveness of adsorption.  
 
The organic matter of interest is mainly composed of humins, humic and fulvic acids that are 
collectively referred to as humic substances (HS). HS are subject of extensive studies due to 
their not well-understood properties allowing for regulating transport of ions, toxins and other 
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components in the natural environment. The soil, in particular the “active” horizons3 up to 100 
cm in depth (mainly composed of organic matter), is rich in the humic substances. Their amount 
and composition were reported to vary significantly in different types of soil, at different 
locations (Mafra et al., 2007 and Woods et al., 2009), and even at different time of the year 
(Polak et al., 2011). The composition and behaviour of water-soluble organic matter is not well 
understood due to the complexity of the system and therefore the mechanisms of their 
interactions with the environment are yet to be discovered.  
 
Ait-Akbour et al. (2002) reported that the adsorption of HA onto the kaolinite surface increases 
the mobility of clays through a porous medium such as rock or sand. This would certainly be 
problematic in the case of heavy oil extraction, as the steam injected into the reservoir would 
mobilise not only bitumen, but also clays that would be incorporated into the mixture collected. 
Kang and Xing (2007) proposed the mechanisms of interaction of clay minerals with 
dicarboxylic acids such as the succinic, glutaric, adipic and azealic acids which are relevant to 
this study in terms of the chemistry involving formation of complexes with various minerals. 
However, the question remains whether HA interacts with solids in a similar manner, by 
forming bridges, chelates or by other means of adsorption. 
 
Sparks et al. (2003) reported that oil-wet solids are associated with significant amounts of 
toluene insoluble organic matter (TIOM) adsorbed onto the surface of the particles. They are 
referred to as organic rich solids (ORS) and are known to be an impediment to bitumen 
separation. The content of ORS was found to be a better predictor to the ore processability than 
bitumen and fines (<44 µm) contents, which were typically used for that purpose. Sparks refers 
to two important types of ORS, a coarser fraction that is a form of aggregates (mostly <44 µm) 
of smaller particles held together by humic substances and a fraction of much finer particles 
(<3 µm). The coarser ORS were reported to negatively affect bitumen recovery by carrying it 
into the aqueous waste and the fine ORS cause problems in downstream operations. Sparks et 
al. (2003) reported that the majority of oil sands are water-wet (referred to as containing 
“inactive solids”) and 5 w/w% adversely affects bitumen separation via “complex interactions 
with bitumen” (referred to as “active solids”). It is not clear; however, how proportions of 
                                               
3 Horizon - (Geophysics) an interface that might by a seismic reflection, such as the contact between two bodies 
of rock having different seismic velocity, density, porosity, fluid content or all of those (Source: Oilfield 
Glossary, accessed on December 27, 2017 [available at: 
http://www.glossary.oilfield.slb.com/Terms/u/updip.aspx]). 
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separated oil sand components relate to the water-wet and oil-wet proportion of the oil sand 
ore. It is also reported that active solids affect bitumen processability differently, depending on 
particle size, density and surface properties. 
 
Gutiérrez and Pawlik (2014) in their extensive study of HA effect on oil sand processing, 
reported that the amount of HA obtained from oil sand samples using alkali extraction is 
relative to the quality of the oil sand ore (quality refers here to bitumen content). The amount 
of HA was quantified using colour intensity of yellow-brown alkali extracts by measuring 
absorbance at 520 nm (absorbance was found to correlate with fines content (<44 µm) to 
bitumen ratio.  
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1.3. Problem statement 
Although recovery of bitumen from oil sands began in the 1940’s, the efficiency remains lower 
than would be preferred. Researchers have been studying the composition of oil sand samples 
and physico-chemical interactions between the components in order to understand the reservoir 
better and maximise the efficiency of bitumen extraction (Czarnecki et al., 2005). There are 
different opinions on whether the Athabasca oil sands are mainly “water-wet”, “oil-wet” or 
mixed (Czarnecki et al., 2005). The arrangement between oil, water and solids is a key element 
affecting the efficiency of bitumen release from the reservoir using water-assisted recovery 
methods. The presence of HS in oil sand reservoirs has been increasingly correlated with 
varying affinity of bitumen to surfaces of solid such as sand and clays. It was found that a high 
amount of HA in SAGD processed water significantly added to the complexity of water 
recovery by stabilising emulsions and having a negative impact on clay separation. 
Additionally, high levels of HA present in SAGD processed water were found to correlate with 
lower yields of bitumen produced (Ignasiak et al., 1985; Gutierrez & Pawlik, 2014).  
 
As a presence of HA was on several occasions reported to correlate with low efficiency of 
heavy oil extraction, the key area of interest in this study relates to the processes occurring 
between bitumen and solid particles such as sand and clay present during the extraction process. 
These processes have been reported on numerous occasions to be significantly affected by the 
water-soluble organic species such as HA, which could act as a surfactant or colloid or adsorb 
onto the surface of solids, impeding oil recovery.  
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1.3.1. Aims 
The aim of this study is to establish a valid method for characterisation of surface interactions 
within complex systems such as oil sands. Further, to provide an understanding of the oil sand 
components’ interactions within the oil sand reservoir, through experimenting with various 
parameters and compositions of oil sands and their impact on wettability of the system. In 
particular, to explore HA behaviour within the model oil sand systems and as a result, its effect 
on the interactions within the reservoir such as adsorption and wettability 
 
This study includes investigating interactions of simplified artificial oil sand systems including 
sand, clays, bitumen and water to learn about the processes affecting the affinity of bitumen to 
solids. This study also sought to establish a valid method for assessing wettability of such 
complex systems. Furthermore, the study expands on the HA interactions with solids, such as 
clays and sand independently and as a mixture and whether it impacts physico-chemical 
properties within the systems. The research moves into the natural oil sand (NOS) samples, 
investigation into HA extraction techniques and characterisation of obtained samples. Finally, 
the discovery of differences in HA solubility in water leads the research onto the investigation 
of HA behaviour in liquid and HA fractionation.  
 
1.3.2. Objectives 
In order to achieve the above aims a series of synthetic oil sand samples was prepared and their 
properties studied. The method was developed to assess wettability behaviour of a complex 
model system involving oil sand components, based on their dielectric properties.  
 
NOS samples of varying grade (bitumen/clay content) sourced from the Athabasca region of 
Alberta were separated into oil-based, water-based and solid samples and investigated. The 
methods available in the literature for the HA extraction were assessed, studied and adapted. 
The most successful techniques are described in detail and obtained powders were 
characterised.  
 
The behaviour of HA was extensively studied by assessment of adsorption properties of HA 
on sand and clays, effect of HA on surface properties, solubility behaviour, HA properties as a 
surfactant and colloid, potential aggregation of HA in the solution and effect of HA on 
wettability of the solid surface. 
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Chapter 1 - Introduction: This chapter briefly introduces the reader to categories of oil, based 
on its viscosity, methods used in heavy oil recovery, and the most common problems faced 
during recovery and processing.  Finally, it explains how and why HA became the focus of this 
research.  
 
Chapter 2 - Dielectric properties of synthetic oil sands (SOS): This chapter describes the study 
of surface interactions between oil sand components (sand/clays/bitumen/water) using 
artificially prepared, simplified systems. Furthermore, the assessment of wettability (oil-
wet/water-wet) was explored, as a way of studying these heterogeneous materials.  
 
Chapter 3 - Extraction and characterisation of HA from oil sand: This chapter explores methods 
of HA extraction reported in the literature. This included separation of natural oil sand samples 
into their major prime components, including: water-insoluble inorganic compounds 
(sand/clays), water-insoluble organic compounds (bitumen) and water-soluble organic 
compounds (humic substances). Furthermore, HA extracted from the water-soluble organic 
fraction of oil sand sample, was characterised. 
  
Chapter 4 - Interactions of HA with mineral surfaces and its effect on petroleum hydrocarbon 
affinities to sand and clay: This chapter further explores oil sand systems, the surface 
interactions between its components and the effect of HA on the surface wettability. The effect 
of HA on the surface of solids was studied on artificially prepared samples 
(sand/clay/HA/asphaltenes) and assessed using dielectric spectroscopy (DS).  
 
Chapter 5 - HA in solution: surface activity and colloidal behaviour: The results described in 
the previous chapters led to the conclusion that HA affects wettability of the system. This part 
of the study was developed to investigate other ways that HA can interact with the system and 
included research into HA behaviour in aqueous solution.  
 
Chapter 6 - HA fractionation: The results of previous studies showed interesting solubility 
patterns of HA and therefore this phenomenon was studied further throughout separation of 
HA into fractions. This study was built up on the previous chapter by investigating HA 
behaviour in water and assessment of its colloidal properties.   
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Chapter	2	Dielectric	properties	of	synthetic	oil	sands	
2.1. Introduction 
The main objective of this part of the study was therefore to evaluate dielectric spectroscopy 
(DS) as a means of characterising the physico-chemical and structural properties of oil sands. 
Relatively recently, there has been a resurgence in interest in the application of dielectric 
techniques to unconsolidated heterogeneous systems. The present study builds on recent 
developments in the literature (Capaccioli et al., 2000; Chute et al., 1979; Perini et al., 2012). 
It was designed specifically to determine the extent to which potentially dominant effects of 
water can be overcome in order to access additional information such as wettability. 
 
Dielectric measurements have been used for some time in an attempt to characterise oil 
reservoirs, and in particular to provide in-situ measurements of oil and water saturation. A 
particular sensitivity of basic electrical measurements, e.g. resistivity, to the presence of water 
made the original use of this approach most relevant to the determination of water-filled porous 
matter. For many years, dielectric methods have been used to investigate the physical 
microstructure and composition of oil-bearing rocks. The resultant complex electrical 
properties, such as permittivity and conductivity, are largely dictated by the water content and 
its distribution throughout the porous structure. This was also shown to be the case for 
Athabasca oil sands over thirty years ago (Chute et al. 1979). 
In-depth dielectric spectroscopic analyses reveal contributions from underlying processes 
within materials, including electronic, ionic (electric double layer, EDL) and interfacial 
(Maxwell-Wagner, M-W) polarisation, as well as molecular orientation. However, there is no 
established tool to assess water saturation and bitumen saturation of unconsolidated porous 
media such as oil sand mixture. Such a tool is required in order to study physico-chemical 
processes and surface interactions influencing wettability behaviour and as a result, the 
efficiency of bitumen recovery.  
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This study involved investigating a range of synthetic oil sands systematically prepared from 
bitumen, water, sand and clay, to compare them with each other and potentially with the results 
obtained from a real core sample (obtained from an Athabasca oil sands asset). The low-
frequency DS analysis (10-2 to 107 Hz) yields complex properties (e.g. conductivity, 
permittivity, impedance) with frequency dependent in-phase and quadrature components. 
Within this frequency range, dielectric spectra are dominated by EDL and M-W polarisation 
effects. By varying the sample composition and preparation methods, it has been possible to 
infer structural differences with respect to water. 
 
Dielectric analysis is based on a polarization induced by an applied electric field leading to the 
following processes:  
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2.2. Key relevant findings from previous studies 
2.2.1. Dielectric properties of surface wettability (‘oil-wet’ and ‘water-wet’) 
The dielectric properties of multicomponent heterogeneous systems are dependent on the 
volumetric composition and electrical properties of the individual phases as well as the nature 
of the interfaces separating the different phases. In the case of solid-liquid systems, this 
includes the way in which the liquid is distributed at the interfaces, and will therefore be a 
potential indicator of a wetted state of the solid surface. Nguyen et al. (1999) observed that the 
real part of the permittivity4 differed for water-wet and oil-wet systems. These authors reported 
using clean sand/water systems in the absence of oil. To change the wettability, the originally 
water-wet sand was hydrophobised by silanation. The sensitivity of electrical measurements to 
wettability of a sandstone matrix was also reported by Knight and Abad (1995), who found that 
permittivity was lower for hydrophobic substrates than for the corresponding hydrophilic 
systems. Capaccioli et al. (2000) studied the electrical response of reservoir rocks and found 
that different wettability states coexist within the pore surfaces. These authors also identified 
differences between oil-wet and water-wet porous systems, identification of which would be 
useful during oil exploration in the field. 
2.2.2. Dielectric properties and water saturation (Sw)  
Permittivity values are also dependent on the Sw of porous media. Knight and Endres (1990) 
identified a distinct increase in the real component of permittivity in the low saturation region 
which authors ascribed to geometrical and surface effects associated with the rock-water 
interface. The same authors observed an increase of two to three orders of magnitude in 
conductivity results from an increase in Sw from 0 to ca. 0.25, again attributed to adsorption of 
water on the surfaces of the porous sandstone used in their study. 
2.2.3. The present study 
This part of the study addresses not only the effects of compositional factors such as Sw but 
also Sb (bitumen saturation) and sand/clay content, primarily in unconsolidated porous media 
representative of oil sands. To this end, a systematic study of “synthetic” oil sands with which 
to test and develop theories of this type of porous media has been initiated, as indicated above.   
                                               
4 Permittivity - Since the response of materials to alternating fields is characterized by a complex permittivity, it 
is natural to separate its real and imaginary parts, which is done by convention in the following way: ε(ω) = 
ε′(ω) + iε″(ω). Where, ε′ is the real part of the permittivity and ε″ is the imaginary part of the permittivity.  
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2.3. Experimental Section  
2.3.1. Materials 
Naturally hydrophilic sand: Synthetic oil sand samples were prepared from clean sand chosen 
to be similar in grain size to sand extracted from natural oil sands. For this purpose, washed 
(naturally water-wet) sand (Sigma-Aldrich, UK) with a 50 to 70 mesh particle size (297 – 210 
µm) was used as received. 
Hydrophobised sand: Part of the above sand was hydrophobised before use by treating it with 
dodecyltrichlorosilane (Sigma-Aldrich, UK) in toluene, in slight excess being calculated from 
the sand surface area, followed by filtration and air-drying.  
Other compounds: Kaolinite clay ‘Ka-1’ was obtained from the Source Clays Repository 
(Purdue University, West Lafayette, IN, USA) and montmorillonite clay ‘K-10’ was from 
Sigma-Aldrich, UK. Type I water (resistivity = 18.2 MW.cm) was used throughout, as the 
systematic investigation of ionic effects is being reserved for a future study. SAGD-derived 
bitumen was used as the oil phase, of which some compositional and property data are provided 
in Table 0.1. Finally, a sample of a natural Canadian oil sand was obtained from a BP asset for 
the purposes of comparing with synthetic sample data. 
Table 0.1 - Selected compositional data and properties of the bitumen used in this study (courtesy 
of BP Centre for Petroleum and Surface Chemistry, Guildford). 
Composition/property Value 
API* gravity 8.2 degrees 
Pentane insoluble asphaltenes 17.9 wt% 
Total sulphur  5.3 wt% 
Vanadium 236 mg/kg 
Nickel 85.6 mg/kg 
Total acid number 3.0 mg KOH/g** 
 
*API gravity (American Petroleum Institute gravity) - is a measure of how heavy or light 
a petroleum liquid is compared to water: if its API gravity is greater than 10, it is lighter and floats on 
water; if less than 10, it is heavier and sinks. 
**KOH/g - acid value (or neutralization number or acid number or acidity) is the mass of potassium 
hydroxide (KOH) in milligrams that is required to neutralise one gram of chemical substance, here 
bitumen.  
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2.3.2. Methods 
2.3.2.1. Preparation of synthetic oil sand samples 
The synthetic oil sand samples were prepared in ca. 10 - 12 g batches by hand mixing the 
appropriate quantities of components thoroughly using a spatula. Careful consideration was 
given to the order in which the components were mixed together, and different variations were 
used. The majority of the synthesised oil sands were produced by initially pre-wetting the solid 
phase (sand or sand/clay mixture) with water, followed by mixing with bitumen. Apart from 
being the most probable configuration by which natural oil sands were initially formed (Zhou 
et al. 2008), it was expected that this should help to preserve the water wettability of the mineral 
surfaces. On the other hand, one series of samples involved adding the required amount of 
water to pre-mixed bitumen and solid. For the series using hydrophobised sand, water was also 
added after pre-mixing bitumen and sand. 
For the purposes of comparison, representative binary sand/water and bitumen/water systems 
were also prepared and analysed. In the case of bitumen/water emulsions, a much lower water-
to-bitumen ratio was used, since water-to-bitumen ratios present in the synthetic (and some 
natural) oil sand systems did not form stable water-in-oil emulsions that were suitable for 
testing. 
Based on the varying water, bitumen and solids contents of natural Canadian oil sands, the 
synthetic oil sands were prepared with a range of compositions. The present study was 
restricted to the following water:bitumen:solids weight ratios: 
   •   Wt water/wt bitumen = 0, 0.25, 0.5 and 1  
   •   Wt(water + bitumen)/wt solids = 9. 
Based on these compositional details, a series of samples were generated which were slightly 
sub-saturated. The aim of this was to generate systems containing a high proportion of the 
fluids associated with the solid surfaces. Since the solids used in this system are polydisperse, 
this condition is expected to be reasonable, especially in the presence of the much smaller clay 
particles. The densities of water and bitumen are very closely matched at the experimental 
temperature (22 ± 1 °C), and have therefore been assumed to be equal to 1 g/cm3
 
for the 
calculation of the respective water and bitumen volumes in the sample from the above 
compositional criteria. In the sand and clay (either kaolinite or montmorillonite) mixtures, the 
clay content was either zero or 12.4 wt%. Samples were prepared using the 9:1 ratio of 
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solid:(water+bitumen) with constant sand:clay ratio and varying water:bitumen ratio. 
Compositions and designations of the different series of samples are given in Table 0.2 below. 
2.3.2.2. Dielectric analysis 
Dielectric behaviour was determined using a broadband dielectric spectrometer from 
Novocontrol Technologies GmbH, Germany. The system consists of a frequency response 
analyser (Alpha Analyser) with a sine wave and DC-bias generator and two AC voltage input 
channels. Each sample was analysed at ambient temperature (21 ± 1°C), with 115 
measurements typically provided by the Novocontrol WinDETA software, covering the 
frequency range 10-2 to 107 Hz. 
2.3.2.3. Sample preparation for dielectric measurements 
Following on from the work of Xiao et al. (2011), in which the authors insulated one of their 
electrodes in contact with the sample, in the present study, apart from the water-in-bitumen 
emulsions, the samples were completely wrapped in a single layer of polymer film (“Cling 
Film”). This was intended to reduce effects due to electrode polarisation, as well as minimising 
water loss from the samples. 
Typically, discs of 20 mm diameter and 6.72 mm thickness were formed by compacting oil 
sand (ca. 3 g) into the cavity of a Novocontrol liquid cell that had been pre-lined with the 
polymer film, after which the samples were completely wrapped and excess polymer film 
trimmed away. The cell was then assembled by placing a metal disc on top of the wrapped 
sample, and was then mounted between the two electrodes of the Novocontrol cell holder. 
2.3.2.4. Dielectric data analysis 
Dielectric measurements can be presented in a number of ways and using a number of different 
dielectric parameters. Most commonly, complex impedance measurements (essentially AC 
resistance) are used, as they are particularly useful in helping to construct equivalent circuit 
models for different applications. Such analyses of equivalent circuits were made using EIS 
Spectrum Analyser software, which takes as input the measured real and imaginary impedance 
values (Bondarenko & Ragoisha, 2005). Also, of interest in the present application are the 
permittivity and conductivity of the system, and their frequency dependence, since they can be 
used to signal the existence of different electrical mechanisms, as outlined in the section 2.1. 
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2.4. Results 
Nine series of mixtures shown in Table 0.2 were prepared from sand, clay, bitumen and water 
in order to determine the effects of composition on dielectric behaviour in a systematic manner. 
Series 1 and 2 are bitumen-free systems, prepared, respectively, from sand and water 
designated as Sw (i.e. sand initially wetted by water), and sand/kaolinite mixture and water, 
similarly designated as (S+K)w. Series 3, Sw|B, is equivalent to series 1 but with incorporated 
bitumen, and likewise series 4, (S+K)w|B, is equivalent to series 2 with incorporated bitumen. 
In series 5 and 6, the solids (sand and sand/clay) were first mixed with bitumen before adding 
water, and are designated as Sb|W and (S+K)b|W, respectively. Series 7, (S+M)w|B, comprises 
samples prepared using montmorillonite clay, initially wetted with water, followed by mixing 
with bitumen, for comparison with the kaolinite-containing series 4. Series 8, S′b|W, on the 
other hand, uses hydrophobised sand (S′) as the solid phase in order to produce highly oil-wet 
systems. Finally, series 9, Bw, comprises different amounts of water emulsified in bitumen. 
Each series comprised of 4 samples with varying water levels – 0, 0.25, 0.5 and 1 wt%. 
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Table 0.2 - Sample series of synthetically prepared simplified oil sand systems (bitumen, water, 
sand and kaolinite and montmorillonite clay mixtures). 
Series Code Explanation 
1 Sw Bitumen free. Sand wetted by water. 
2 (S+K)w Bitumen free. Sand/kaolinite mix wetted by water. 
3 Sw|B Series 1 with subsequently added bitumen. 
4 (S+K)w|B Series 2 with subsequently added bitumen.  
5 Sb|W Sand mixed with bitumen and subsequently with water (to compare 
mainly with series 3 where water was added first). 
6 (S+K)b|W Sand/kaolinite mixed with bitumen and subsequently with water (to 
compare mainly with series 4 where water was added first). 
7 (S+M)w|B Sand/montmorillonite mixed with water and subsequently with bitumen 
(to compare mainly to series 4 by varying type of clay). 
8 S’b|W Hydrophobised sand mixed with bitumen and subsequently with water in 
order to produce highly oil-wet system. 
9 Bw Water emulsified in bitumen.  
 
2.4.1. Water-in-bitumen emulsions 
Of the systems studied, the water-in-bitumen emulsions in series 9 exhibit the simplest 
behaviour. As shown in Figure 0-1 (a), the Nyquist plots of the real part of impedance (ReZ, 
or Z′) versus the imaginary part of the impedance (-ImZ, or -Z") are semicircles, each of which 
is only found to require a single resistor-capacitor (RC) equivalent circuit model to provide 
excellent fits to the experimental data (Perini et al., 2012). RC circuits are characterised by a 
relaxation time, ti, given by ti = RiCi, for circuit i. As the emulsion water content is increased, 
so the total impedance decreases, and the relaxation times obtained from the (RC) fits are also 
shown to decrease linearly with increasing water content, as shown in Figure 0-1 (b). 
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Figure 0-1 - (a) Nyquist plots of real versus imaginary impedance for water-in-bitumen emulsions 
with the indicated water contents. The curves fitted through the data are based on a single RC 
parallel circuit, as described in the text. (b) The effect of water content on relaxation time (= R*C). 
 
2.4.2. Dielectric impedance of synthetic oil sands 
By contrast to the behaviour of water/bitumen emulsions presented above, in Figure 0-2 are 
shown impedance plots typically obtained for the synthetically prepared oil sand samples. The 
complex plane Nyquist plot is shown in Figure 0-2 (a), as well as Bode plots of the absolute 
value of the impedance (|Z|) against frequency (Figure 0-2 (b)) and phase shift (q) against 
frequency (Figure 0-2 (c)). Also shown in these figures are theoretical fits to the experimental 
data based on an equivalent circuit model comprising multiple parallel RC units arranged in 
series, as shown in Figure 0-3. 
 
Figure 0-2 - Dielectric impedance data of a representative synthetic oil sand (see Appendix 1, 
sample 4a) shown (a) as a Nyquist plot of the real versus the imaginary part of the impedance, and 
two Bode plots: (b) absolute value of the impedance against frequency, and (c) phase angle 
against frequency. The respective fits to the data using EIS software involve 10 RC units. 
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2.4.3. Fitting the impedance data with equivalent RC circuits  
Parallel RC circuit models were previously used to describe electrical systems that exhibit 
storage (capacitance) and dissipative (resistance) characteristics, which are features of most 
heterogeneous materials. However, no evidence was found that multiple circuits have never 
been used to analyse the dielectric behaviour of oil sands. Given the heterogeneous nature of 
oil sands, comprising several components, acting upon different interfaces, with a range of 
particle sizes, it is not surprising that a single RC circuit does not always adequately describe 
the system. Petrovsky et al. (2008) deconvoluted low frequency impedance spectra of slurries 
containing ceramic particles using two RC circuits, but in their study, the different relaxation 
responses were not overlapping.  
 
Figure 0-3 - An equivalent circuit model comprising a series arrangement of two RC (parallel) 
electrical circuits, R1C1 and R2C2. 
For the example shown in Figure 0-2, the curves have been fitted using 10 RC circuits arranged 
in series, i.e. –(R1C1) – (R2C2) – (R3C3) –...– (RiCi) –...– (R10C10) –. Fewer than this number 
also provide good fits, but are not optimum. The number of such circuits required, differed 
from sample to sample. As Figure 0-2 exemplifies, the resulting agreement between 
experimental data and this model is typically very good at high frequencies, extending down 
to between 1 and 10 Hz, but poorer below 1 Hz, owing to the slower relaxation processes 
resulting from, e.g. interfacial polarisation, not conforming to this analysis. For the simpler 
water/bitumen emulsions, agreement is excellent over the entire range of measurement. 
2.4.4. Relaxation times of different oil sand systems 
The Ri and Ci values for all compositions are summarised in Appendix 2. These data show that 
as the complexity of the system increases, an adequate modelling of the dielectric data requires 
multiple (RC) circuit analyses to be applied. The relaxation times data from Appendix 2 are 
plotted in Figure 0-4 allowing comparisons to be made between the different systems. 
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Figure 0-4 - Graphical summary of the relaxation times compiled in Appendix 2 calculated from R 
and C data fits. Samples (a) through (d) (see Appendix 1 for details) are plotted reading up for each 
series. 
The data in Figure 0-4 illustrate differences in relaxation times for the different systems, which 
is significantly higher in the absence of water in bitumen-containing examples (typically found 
to be several seconds). The other relaxation processes determined in this work are seen to be 
as low as 10-9 s.  
2.4.5. Effect of wettability on permittivity and conductivity  
One of the key objectives of this study was to make several comparisons between the synthetic 
compositions in order to generate an understanding of the factors controlling dielectric 
responses. In the synthetic systems, based on sand, bitumen and water, the effects of sand 
wettability are shown to predominate.  
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Figure 0-5 - Dielectric spectra from bitumen-to-water 1:0.25 systems illustrating the effects of oil 
sand wettability on real (a) permittivity and (b) conductivity. The upper and lower curves in each 
case relate to the respective binary systems: sand-water (continuous black) and sand-bitumen 
(dashed blue). The data points are for the systems Sw|B (blue circles), Sb|W (red squares) and 
hydrophobized silica (Sʹb|W, green filled circles). Data derived from a natural oil sand sample 
determined under the same conditions as the synthetics are shown as black triangles. 
 
The permittivity and conductivity responses of the ternary systems Sw|B, Sb|W and S′b|W, 
reflect the gradation from water-wet to oil-wet (Figure 0-5). A microscopic examination of 
Sb|W and S′b|W showed differences: the hydrophobic system prepared with S′ revealed that 
oil was in intimate contact with the sand, each grain being coated uniformly with bitumen, 
whereas the corresponding naturally hydrophilic sand showed a significant proportion of the 
oil located between comparatively clean sand grains. Moreover, in the S′b|W samples, small 
water droplets were visible embedded in bitumen, whereas no water was observed in Sb|W 
samples. These two extreme cases based on the microscopic observations are illustrated in  
Figure 0-6. 
 
 Figure 0-6 - Suggested microstructures of the water-wet (top) and oil-wet (bottom) synthetic oil 
sand samples produced in this study. 
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It can be seen that the permittivity and conductivity spectra for the ternary sand/bitumen/water 
systems are substantially bounded by the corresponding binary sand/water and sand/bitumen 
spectra. The hydrophilic and hydrophobic extremes span approximately five orders of 
magnitude in both permittivity and conductivity at 10-2 Hz. The behaviour of a natural oil sand 
sample cored from a BP asset is also included in Figure 0-5 for the purposes of comparison 
with the synthetic samples. The permittivity and conductivity spectra are seen to be very similar 
to the hydrophilic synthetic oil sands. 
2.4.6. Effect of clays on permittivity and conductivity of different systems 
The effects of replacing a proportion of the sand in Sw|B formulation with clays (kaolinite or 
montmorillonite) on the dielectric permittivity and conductivity spectra are shown in Figure 
0-7. For both clays, the largest deviations from the base sand case occur at lower frequencies. 
In fact, for kaolinite, non-swelling clay, the behaviour of the mixed sand/kaolinite system 
follows the sand-only system down to ca. 50 Hz. In the presence of montmorillonite, the 
deviations are more significant throughout the frequency range. 
 
Figure 0-7 - Permittivity (a) and conductivity (b) spectra of the sand/water/bitumen systems 
(bitumen:water for 1:0.25) in the presence of kaolinite and montmorillonite clays. Blue circles – 
sand alone (Sw|B, sample 5c), black triangles – sand/kaolinite ((S+K)w|B, sample 6c), and red 
squares – sand/montmorillonite ((S+M)w|B, sample 7c). The filled symbols in (b) represent the 
Sb|W (blue circles) and (S+K)b|W (black triangles) configurations, i.e. when the solids are first 
wetted with bitumen. 
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2.4. Discussion 
The dielectric properties of most of the heterogeneous multicomponent oil sand systems 
investigated in this study have been shown to be fitted well by multiple RC circuits arranged 
in series, i.e. (RiCi)n, where n is the number of circuits required to provide a satisfactory fit to 
the experimental data, and is sample dependent. It is seen from the summaries given in Figure 
0-4 and Appendix 2 that 1 ≤ n ≤ 12, the number seemingly depended to some extent on the 
complexity of the composition. For bitumen alone or as water-in-bitumen emulsions (series 9), 
only a single RC circuit is required, Figure 0-2 (a), correspondingly yielding a single relaxation 
time, which is dependent on the water content, in the range 3 to 6 s. This characteristic time is 
likely to derive from Debye relaxation of the bulk phases; effects resulting from interfacial 
polarisation would be more prevalent at higher water concentrations (Clausse, 1983). On the 
other hand, in the case of the other binary systems studied, e.g. series 1 and 2, and generally in 
the absence of water, the systems exhibit relatively long relaxation times; the addition of water 
then reduces the relaxation times by approximately two orders of magnitude (Figure 0-4). On 
the basis of the results from water-in-bitumen emulsions, we can assume that the relaxation 
processes in the solid-containing systems originate from water at mineral surfaces. 
The series circuit models demonstrate that the systems are characterised by several different 
relaxation times, reflecting the heterogeneity of the samples. Generally, it was found that up to 
ten RC circuits are required to provide the best fit to the experimental data, as shown in Figure 
0-4, with the corresponding relaxation times spanning up to 8 orders of magnitude. The obvious 
interpretation of this is that the water is located in different regions within the structure, each 
of which confers different relaxation properties. 
As can be seen from the permittivity and conductivity data in Figure 0-5, the hydrophilic 
surface characteristics of the sand are largely preserved even when bitumen was initially 
contacted (Sb|W series). The slight reduction seen in the data is to be compared with the 
approximately five orders of magnitude span between water-wetted and bitumen-wetted binary 
sand data. This is shown more clearly in Figure 0-8 in which the DC conductivity (the 10-2 Hz 
conductivity value has been used) is plotted on an arbitrary wettability scale ranging between 
hydrophilic (set as 0) and hydrophobic (set as 1). The conductivity axis has been plotted on a 
logarithmic scale, following e.g. Knight and Andres (1990), and to be consistent with the 
general form of Archie’s law, in which the DC conductivity is given by an equation of the form 
(Archie, 1942): 
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sDC = swFmSwn , sDC (S cm-1) 
where sw is the water conductivity and F is the porosity (ratio of pore volume to total volume). 
The exponent m is determined by the porous geometric structure and the value of n is related 
to the connectivity of the water phase, and thereby to the wettability of the porous matrix. 
 
 
Figure 0-8 - Plot of DC conductivity against an arbitrary wettability scale for the 
sand/bitumen/water systems. The extreme values are defined by binary sand/water 
(hydrophilic/water-wet = 0) and sand/bitumen (hydrophobic/bitumen-wet = 1) systems. 
 
This approach is consistent with previous work (Abdalla et al., 2007), and it suggests that it 
may provide a means of analysing natural oil sand samples. As an example, the position of the 
natural sample on the arbitrary wettability scale is indicated based on its conductivity. 
However, it is also recognised that other factors may also be responsible for differences in 
conductivity, such as the presence of clays. 
An assessment of the effects of incorporating clays into the model oil sand structure has been 
initiated to assess its impact on the dielectric properties. As shown in Figure 0-7, the presence 
of clays apparently reduces both the permittivity and conductivity characteristics of the 
samples, especially at lower frequencies. In the case of kaolinite addition, the high frequencies 
are little changed from sand alone; however, significant deviations are apparent at lower 
frequencies. We hypothesise that the clays immobilise some of the water, through 
incorporation into the clay structure and hydrating clay lattice sites. This effect would be 
expected to be greater for the swelling, smectite clay montmorillonite, as has been observed 
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over the entire frequency range examined. Additional support has been obtained for this 
explanation by adding bitumen to the sand/kaolinite first, followed by water. In this case it is 
seen, that the sand/kaolinite system becomes very similar to that of the original water-wet sand 
(Figure 0-5, curves Sb|W, Sw|B and (S+K)b|W). Therefore, it is possible that in the presence 
of kaolinite, the bitumen effectively blocks kaolinite adsorption sites, thereby reducing water 
loss, and returning the original conductivity behaviour. Clays, therefore, even non-swelling 
types, have a significant influence over the dielectric behaviour of oil sands through direct and 
indirect interactions with water. 
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2.5. Conclusions  
This initial study involved systematic preparation of a series of synthetic oil sands from 
bitumen, water, sand and clay (either kaolinite or montmorillonite), to analyse their behaviour 
compared with the results obtained of the natural core material. One example of the core oil 
sand sample obtained from a BP asset showed good agreement. The relatively low-frequency 
DS analysis (10-2 to 107 Hz) yields complex properties (e.g. conductivity, permittivity, 
impedance) with frequency dependent in-phase and quadrature components. Within this 
frequency range dielectric spectra are dominated by bulk (Debye) relaxation effects and 
interfacial polarisation. By adopting a new approach to sample preparation, it has been possible 
to observe structural differences with respect to water. 
By data fitting using series arrangements of multiple parallel RC circuits, evidence for 
heterogeneity of the synthetic oil sands was obtained. A complete interpretation of structure is 
unlikely to result from this type of analysis; however, it is possible that such heterogeneity 
could obscure other relaxation processes that might carry useful information. On the other 
hand, the permittivity and conductivity data do seem to provide good and direct evidence of 
some features of the microstructure, such as wettability and the role of clays. 
The research of dielectric properties of model oil sand presented in this chapter of the thesis 
seems to have raised more questions that it has answered. There are several lines of research 
arising from this work, which should be pursued. Firstly, more complex systems involving 
other components present in the natural oil sands should be explored in future, such as those 
including various levels of water-soluble organic compounds, inorganic salts, other ions or 
metals. Furthermore, potential information encompassed in other frequency ranges could be 
explored.  
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Chapter	3	Extraction	and	characterisation	of	HA	from	
natural	oil	sand	
3.1. Introduction 
3.1.1. Background  
It has been previously reported that HA is present in Athabasca oil sand and that it can be 
affecting bitumen recovery from the ore (Majid & Ripmeester, 1990; Sparks et al., 2003; 
Czarnecki et al., 2005; Gutierrez & Pawlik, 2014 & 2016). It has also been reported that the 
extraction of HA from soil is challenging and time consuming and that it is very hard to 
obtain a pure sample (Cuhna et al., 2009; Brunetti et al., 2007; Bakina & Orlova, 2012). It 
was found that extraction of HA from oil sand samples proved even more challenging due to 
the presence of bitumen in the mixture. It has also been reported that HA compositions vary 
from source to source and it is dependent of the level of humification and as a result, the 
reported extraction methods vary. HA extraction techniques available in the literature needed 
to be assessed for the effectiveness of HA extraction from oil sand samples from Athabasca 
region.  
There is no established method for HA extraction from oil sand. Additionally, it was reported 
that the extraction is very challenging and it is difficult to obtain pure sample and high yields. 
Additionally, due to variability and complexity of HA structure, there are no established 
characterisation methods and confirmed chemical composition of HA available for 
comparison. Some elements of the physico-chemical structure of HA proposed in the 
literature are discussed below and compared to the results obtained during this study.  
 
The main objective of this part of the study was to evaluate and adapt the proposed methods 
for HA extractions present in the literature to establish a protocol for obtaining HA from an 
oil sand sample. The secondary objective was to confirm the composition of oil sand samples 
from Athabasca oil sand reservoir and identify possible avenues for the characterisation of 
separated fractions containing HA.  
 
This part of the study involved a separation of oil sand components into three fractions – 
solids, including inorganic solids (sand and clays), water-insoluble organic components (oil) 
and water-soluble and water-dispersible components. Various extraction techniques, available 
in the literature were adapted and evaluated for their ability to extract humic compounds from 
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the water-soluble fraction. Oil sand samples were treated at high temperature using Parr 
bombs (200 °C) to imitate the conditions present during the SAGD recovery. Although not of 
primary interest, the inorganic solid fraction was also analysed to confirm its composition. 
Water-soluble organic components were separated to obtain HA samples, which were further 
analysed. Finally, a protocol for the extraction of HA from oil sand was formulated.  
 
This Chapter describes the assessment of HA extraction based on the methods reported in the 
literature and further adapted based on the results of the present experimentation. Further, the 
Chapter includes the procedure of heating samples prior to the extraction, as per SAGD 
conditions. Finally, attempts were made to characterise the obtained samples of HA powder 
using available techniques and those described in the literature. The initial step, which 
follows the heating procedure, involved separation of solids, water-insoluble fraction and 
water-soluble fraction. Further step involves evaluation and adaptation of existing methods 
for HA extraction. And finally, the study of solid fractions and evaluation of analytical 
methods for their suitability in complex organic matter characterisation was performed.  
3.1.2. Key relevant findings 
3.1.2.1. Structure and composition of HA 
The structure of HA has not been fully elucidated; however, some studies suggest that they are 
a mixture of relatively large organic compounds with molecular weights reported up to 20,000 
Da. HA was reported to be a group of partially water-soluble compounds that do not have one 
specific chemical structure, but a variety of structures that mainly consist of aromatic 
rings, -COOH, -C=O, -OH. The structure of HA was also reported to possibly consist of ester 
and phenol functional groups and varying polysaccharides, -O-CH3, varying quinones as a part 
of the molecular structure, small aromatic structures linked with -O- and -CH2- bridges, amine 
bonds, aliphatic chains. The presence of elements such as N and S incorporated into the 
structure was also reported (Peuravuori et al., 2006; Brunetti et al., 2007; Li et al., 2011; 
Berkowitz et al., 1963). 
 
3.1.2.2. Separation of oil sand fractions 
The first step of this study required separation of three main groups of compounds within the 
oil sand sample: oil-soluble, water-soluble and solid fractions. This separation was reported 
previously by Sparks et al. (2003), who separated bitumen and water-based fractions based on 
their different polarity. Bitumen was separated using toluene and water-soluble/dispersible 
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components using water with coarse sediment collecting at the bottom of container. This study 
concentrates on the water-soluble organic compounds fraction.  
 
3.1.2.3. Extraction and characterisation of HA 
As has recently been discussed (Lehmann & Kleber, 2015), humic substances have been 
subdivided into three separate classes based on their respective solubility. Thus, humins are 
insoluble under alkaline conditions, fulvic acid (FA) is soluble throughout the pH range, and 
HA is insoluble under acidic conditions.  
The extraction of HA from soil or commercial mixtures of humic substances was previously 
reported using mainly different solubility characteristics of components dispersed and 
dissolved in water (Stevenson, 1982; Schnitzer, 1982; Peuravuori et al., 2006; Chilom & Rice, 
2009; Jayaganesh & Senthurpandian, 2010; Angelico et al., 2014). Most techniques described 
were based on different solubility characteristics of components, controlled by the adjustment 
of pH. Increase of pH (using aqueous solution of NaOH and/or Na2P2O7) was reported to 
maximise HA dissolution and allow for separating of dispersed solids. Further decrease of pH 
(using aqueous solution of HCl) was reported to facilitate precipitation of HA out of the 
solution, leaving other compounds (such as FA) behind. The methods available in the literature 
were evaluated for the use in extraction of HA from oil sand samples and adaptations of these 
are described below in more detail.   
 
Due to the variety and complexity of HA mixtures, the exact composition might not be 
possible to identify; however, identification of physico-chemical characteristics of HA has 
been attempted. HA samples were previously tested using FTIR (Piccolo & Stevenson, 1982; 
Mafra et al., 2007; Peuravuori et al., 2006). To determine the content of different C atoms in 
HA, Piccolo et al. (2003) used CPMAS-13C-NMR. This technique was also reported as the 
best characterisation technique for dissolved organic matter by Nebbioso and Piccolo (2013).  
3.1.3. The present study 
In this study the assessment of HA extraction methods reported in the literature and further 
adapted based on the results of the present experimentation was performed. Further, the 
attempts were made to characterise the obtained samples of HA powder. And finally, the 
study of all obtained solid fractions and evaluation of analytical methods for their suitability 
in complex organic matter characterisation.  
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3.2. Experimental Section  
3.2.1. Materials  
Raw samples of natural oil sand of various grades (based on bitumen content) were provided 
by BP Canada and originate from the Athabasca region (Table 0.1). A “standard” HA and 
NaHA in the form of a black powder were obtained from Sigma-Aldrich, UK and used as 
received. HA composition is not exactly known and can vary from sample to sample. Standard 
inorganic solids used included quartz (Sigma-Aldrich) and kaolinite clay (Washington County, 
Georgia, USA, The Clay Minerals Society, Source Clays Repository, West Lafayette, IN, 
Purdue University) and montmorillonite clay (Crook County, Wyoming, USA, The Clay 
Minerals Society, Source Clays Repository, Purdue University).  
 
Table 0.1 - Oil sand samples used for the separations 1, 2, 3 and 4. 
No. Grade Name 
1 high BP – Tar TDG 74 
2 low BP – Tar 13-21-97-13 Core 27 
3 low BP – Tar 13-21-97-13 Core 27 
4 low BP – Tar 13-21-97-13 Core 22 
 
 
3.2.2. Methods 
3.2.2.1. Heat treatment  
Oil sand samples provided by BP Canada were sealed in the presence of water in Parr bombs 
(Figure 0-1) and heat-treated in the oven (T = 200°C, 18 h), in order to imitate the conditions 
of SAGD process during in situ bitumen extraction. Parr bombs consist of stainless-steel bodies 
and PTFE liners with spring-loaded closures with safety rupture discs. The heating procedure 
was identical for all the samples that were further separated into the solid, oil and water-based 
fractions.  
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Figure 0-1 - Parr bomb with valve body (left), bomb cylinder (centre), screw cap with range of 
security lids (right). 
3.2.2.2. Fourier Transform Infra-red spectrometry (FTIR) 
IR spectra were acquired using a Bruker Alpha FTIR spectrometer with an Attenuated Total 
Reflectance (ATR) attachment. IR spectroscopy is based on passing IR radiation (4000 – 400 
cm-1) through a sample and measuring the percentage of radiation absorbed at each wavelength. 
Absorption of radiation at specific wavelengths corresponds to bond vibrations present within 
the sample.  
 
3.2.2.3. CHN elemental analysis (CHN) 
The C, H and N contents of HA fractions and standard HA and NaHA were measured in 
duplicate (by Ms Judy Peters) using an Exeter Analytical CE440 Elemental Analyser. The mass 
percentage of carbon, hydrogen and nitrogen in a sample was determined by combusting the 
sample in pure oxygen to produce carbon dioxide, water and nitrogen oxides. The gaseous 
mixture then passes through a series of traps to separate the water, carbon dioxide and nitrogen 
and measure H, C and N respectively.   
 
3.2.2.4. Scanning electron microscopy combined with energy dispersive x-ray 
spectroscopy (SEM-EDX) 
The SEM images were acquired using a HITACHI S3200N instrument. It has a large specimen 
chamber, a back-scattered electron detector and a variable pressure mode (VP-SEM) allowing 
the examination of non-conducting and ‘wet’ samples with no special sample preparation. The 
elemental analysis was run by combining the SEM instrument with an EDX detector. 
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3.2.2.5. Nuclear magnetic resonance (NMR) spectroscopy  
1H and 13C NMR solution spectra were recorded on a DRX-500 Bruker NMR spectrometer 
used in conjunction with Bruker TOPSPIN software. Chemical shifts (δ) of peaks indicating 
on related protons (1H NMR spectrum) and carbons (13C NMR spectrum) were expressed in 
ppm relative to tetramethylsilane (TMS) as internal standard. Coupling constants (J) are given 
in Hz units. The D2O was used as a solvent suitable for HA powder, proving it difficult to 
obtain informative spectra due to hydrogen-deuterium exchange.   
  
3.2.2.6. Powder X-ray Diffraction (P-XRD)  
Powder XRD was measured using PANalytical X’Pert Pro diffractometer with a copper X-ray 
source and an X’celerator detector, and analysed using High Score Plus software. X-rays were 
generated when a beam of accelerated electrons from a heated tungsten filament strike the 
copper target. The generated X-rays then pass through a monochromator, and were directed 
towards the ground powdered sample placed on the rotating plate. Ground microcrystalline 
powders contain randomly ordered crystallites, some of which happen to satisfy Bragg’s law 
(nλ = 2d sinθ), where the wavelength (λ) of the monochromatic X-ray beam must be in the 
same order of magnitude as the distance between diffracting planes (d) in the crystal, where n 
is a positive integer and θ is the angle at which radiation hits the sample. The angle between 
incident and diffracted beams is 2θ. The angle and intensity of diffracted beams are detected, 
and plotted as intensity vs. 2θ resulting in diffraction patterns. Diffraction patterns are used as 
a fingerprint for identification of the crystalline phase present in a material. Obtained data was 
processed using the High Score Plus (example diffractograms provided, Figure 0-5 and Figure 
0-6) and compared against standard compounds using the National Institute of Standards and 
Technology (NIST) database.   
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3.2.2.7. Humic substances extraction  
Initial assessment of 21 HA extraction techniques reported in the literature and adapted was 
done on eight oil sand samples of varying grades (i.e. bitumen content) and obtained from 
different locations within the Athabasca region. All obtained powders were analysed for the 
presence of HA and the most promising eight separation methods, which resulted in the 
presence of some form of organic compounds were further adapted. Separation methods that 
resulted in the highest amount of extract were described below and the obtained powder 
further characterised.   
 
Table 0.2 - Summary of the nomenclature of the extracted samples. 
Label Sample description 
AS, BS & ABS Solid fractions (without bitumen and water fractions) such as sand and clays 
AL & BL Liquid fractions  
AL(O) Oil fraction = bitumen (hydrophobic) 
AL(W) Water-soluble & dispersible fraction (hydrophilic) 
AL(W)a As above (processing: bitumen removed prior to heating) – no. 1a 
AL(W)b As above (processing: bitumen removed after heating) – no. 1b 
1a, 1b, 2, 3, 4 HA samples extracted using four different separation methods 
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Separation One (adapted from Chilom & Rice, 2009) 
High grade “BP-Tar Canada TDG 74” sample (20.121 g) was placed in Parr bomb with water 
and subjected to the heating process described above (section 3.2.2.1). After the sample had 
cooled, the obtained processed water was separated with a pipette and placed in a conical flask 
[AL(W)b]. The remaining fraction was separated into the oil part [AL(O)] and solids [AS] using 
toluene (4 x 10 mL) and kept for further studies (Figure 0-2).  
 
The procedure was repeated with bitumen separated from the sample (20.006 g) prior to the 
heating process. The resulting water-soluble organic compounds were labelled [AL(W)a]. 
Following this nomenclature, the water components are further in text referred to as sample 
no.1a [AL(W)a] and no.1b [AL(W)b]. 
 
 
Figure 0-2 - Separated main fractions of oil sand: solids (left), water with water-soluble and water-
dispersible components (centre) and bitumen (right). 
 
The obtained water fractions containing water-soluble and water-dispersible components were 
treated with NaOH (0.1 M) to increase the pH (1a: pH = 12.6, 1b: pH = 12.5) in order to ensure 
that all the HA is dissolved prior to the separation of water-dispersed matter such as humins 
and clays. Both solutions were left to precipitate (24 h) and water-dispersed components were 
filtered off (Whatman #1 filter paper). Solutions were further acidified (1a: pH = 1, 1b: pH = 
1.3) with HCl (0.1 M) to precipitate HA and separate it from fulvic acid (FA) that is soluble in 
a full pH range and other impurities such as dissolved SiO2, NaCl and other minerals. 
Following precipitation of HA, the solution was removed by pipette and remaining HA was 
left to dry in an ambient temperature (2 weeks). The HA no. 1 was labelled 1a and 1b, for oil 
sand sample heat treated without bitumen and with bitumen, respectively.   
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Separation Two (adapted from Spaccini et al., 2008) 
A sample (30 g) was prepared and heat-treated as described in section 3.2.2.1. Following heat 
treatment, the low grade “BP-Tar (13-21-97-13, core 27)” sample was removed from the Parr 
bomb and placed into a beaker. The vast majority of the bitumen remained on the walls of the 
Parr bomb from where it was removed using toluene (4 x 10 mL). The associated aqueous 
liquid was poured into a separatory funnel in order to separate the remaining oil-soluble 
components. The remaining solids were diluted with deionised water (100 mL) and left to stir 
(5h) on a magnetic stirrer in order to maximise dissolution of the water-soluble components. 
The mixture was left to settle and the liquid fraction transferred into a separatory funnel. The 
procedure was repeated once more and all obtained water fractions were filtered (Whatman #1 
filter paper) to remove remaining dispersed solids. At this stage the sample was separated into 
oil, water and solid fractions. 
 
The water fraction was subsequently treated to separate pH-sensitive water-soluble and water-
dispersible components. It was filtered (5x) using paper filters to remove any dispersed solids 
(clays and other minerals). Furthermore, a fraction containing water-soluble components was 
subjected to a resin fractionation procedure using XAD-7® non-ionic resin (Sigma-Aldrich, 
UK) for the separation of hydrophobic organic species. In order to condition the resin, it was 
washed several times with deionised water to remove salt present in the product for the purpose 
of protecting it from bacterial growth on its surface. The resin was tested with AgNO3 solution 
or the absence of chloride ions and a BaCl2 solution for the absence of sulphate ions, to ensure 
they were fully removed. Pre-washed and moist resin was subsequently packed into a 
chromatography column.  
A water fraction (fraction 1, pH = 7.7) was acidified (pH = 2.1) with HCl (0.1 M) prior to the 
separation. The purpose of this was to adsorb hydrophobic acids on the surface of the resin and 
allow hydrophilic acids to remain in the solution (fraction 2).  
 
Subsequent recovery of hydrophobic species was achieved using Soxhlet extraction. The 
Soxhlet apparatus was set up to desorb species adsorbed onto the non-ionic XAD-7® resin 
during column chromatography fractionation. The resin was placed in a porous Soxhlet thimble 
that was holding the solid sample, allowing the condensed solvent to saturate and pass through 
the material. The solvent was initially placed in the round-bottomed flask that was heated using 
a heating mantle allowing the solvent to evaporate and condense in the condenser. Condensed 
solvent that passed through the solid sample was collected, together with desorbed species in 
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the thimble. NaOH (0.1 M) was used as a solvent for recovery of hydrophobic acids (fraction 
3), and acetonitrile with water (75:25) solution was used for recovering hydrophobic neutrals 
from the resin (fraction 4).  
 
Separation of FA from HA was done on a basis of the solubility difference, by adjusting to pH 
to 1 using HCl (0.1 M) and allowing HA precipitation (24 h) as shown in Figure 0-3 below. 
The clear liquid containing FA was removed with pipette.  
 
 
Figure 0-3 - Separation of HA (brown, colloid-like precipitate) from FA that remained in the 
solution. 
Remaining solution with visible brown colloid-like HA was further centrifuged (5000 rpm, 15 
min). The remaining liquid containing FA was decanted and the sediment was left to dry (HA 
no.2) (Figure 0-4).  
 
 
Figure 0-4 - HA solution after centrifugation (centrifuge vials) and dried on the watch glasses. 
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Separation Three (adapted from Separation One, Stevenson, 1982; Schnitzer, 1982; Peuravuori 
et al., 2006; Jayaganesh & Senthurpandian, 2010; Angelico et al., 2014) 
The low grade “BP-Tar (13-21-97-13, core 27)” sample (30 g) was subjected to the same 
heating treatment as above and allowed to cool. The sample was also left in the Parr bomb, and 
the aqueous solution was removed by pipette and sediment was isolated by centrifuging 
(10,000 rpm, 10 min) to separate water-soluble and water-dispersible components. The 
supernatant was acidified to pH = 1 with HCl (0.1 M) and left to precipitate (24 h). During that 
time precipitation of HA occurred. The precipitate was dried at 60°C for 5h (HA no.3).  
 
Separation Four (adapted from Separation Three) 
The low grade “BP-Tar (13-21-97-13, core 22)” sample (25 g) was subjected to heat treatment 
and allowed to cool. The sample was transferred into a beaker and stirred using a magnetic 
stirrer (2 h) in order to maximise transfer of water-soluble components to water. This sample 
did not require removal of bitumen prior to the stirring, as the grade of sample was very low 
and in majority consisted of clay. The mixture was separated by centrifuging (5,000 rpm, 20 
min). The solids were removed and liquid was decanted into fresh vials and the centrifugation 
procedure was repeated twice more using the same settings. When the resulting supernatant 
was not cloudy, HA was separated from FA by adjusting the pH (as per Separation Two, 
above). Following precipitation (24 h) the solution was removed, and precipitate dried at 60°C 
for 5h (HA no.4).  
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Table 0.3 - Summary of the key separation techniques. 
No. Sample Source Key differences in 
procedure 
Potential issues 
1a High grade 
(bitumen rich) oil 
sand sample 
sourced at 
Athabasca region 
provided by BP 
Canada (20 g) 
Adapted 
from Chilom 
& Rice, 2009 
Bitumen 
separated before 
heat treatment 
(inorganic solids 
collected: BS – 
before heating, 
ABS – after 
heating)  
• Loss of HA by separation 
of bitumen before heat 
treatment 
• Loss of HA on paper filter 
• Low yield due to low clay 
content in high grade 
sample 
1b High grade 
(bitumen rich) oil 
sand sample 
sourced at 
Athabasca region 
provided by BP 
Canada (20 g) 
Adapted 
from Chilom 
& Rice, 2009 
Bitumen 
separated after 
heat treatment 
(inorganic solids 
collected after 
heating: AS) 
• Loss of HA on paper filter 
• Low yield due to low clay 
content in high grade 
sample 
2 Low grade oil sand 
sample sourced at 
Athabasca region 
provided by BP 
Canada (30 g) 
Adapted 
from Spaccini 
et al., 2008 
Column 
chromatography 
and Soxhlet 
extraction 
• Loss of HA on paper filter 
• Loss of HA on the resin 
during chromatographic 
separation  
• Loss of HA due to 
complexity of the 
procedure  
3 Low grade oil sand 
sample sourced at 
Athabasca region 
provided by BP 
Canada (30 g) 
Adapted 
from 
Separation 1, 
Stevenson, 
1982, 
Peuravuori et 
al., 2006 and 
Angelico et 
al., 2014 
Procedure 
simplified, no 
filter paper used, 
introduction of 
centrifugation 
(10,000 rpm) 
• Loss of HA during 
centrifugation of solids  
4 Low grade oil sand 
sample sourced at 
Athabasca region 
provided by BP 
Canada (25 g) 
Adapted from 
Separation 3 
Centrifugation 
speed was 
lowered to 5,000 
rpm to minimize 
possibility of HA 
loss 
• Increase of water-
dispersible inorganic 
compounds because of 
stirring and lower speed 
• Loss of HA during 
centrifugation 
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3.3. Results and discussion 
Various extraction techniques available in the literature were tested on a small scale. The four 
methods that proved most promising were further adapted (Table 3.3) to potentially decrease 
amount of impurities and loss of HA and as a result increase yield. The samples were subjected 
to various analytical techniques to identify the best technique for HA extraction from oil sand 
and to assess the suitability of characterisation methods for HA identification.  
3.3.1. Characterisation of solid fractions of oil sand components  
Solid fractions were analysed using XRD, mainly to confirm the type of inorganic matter 
present in the oil sand samples. XRD was also performed on standard HA and NaHA powders 
to compare them with diffraction patterns of powders obtained from the extraction of oil sand 
samples.  
 
Figure 0-5 - Quartz showing major peaks at 26.68°, 26.74°, 20.90°, 20.96° and 50.16° (Sample AS 
obtained after separation 1b). 
XRD patterns of inorganic solid samples were consistent with those of quartz, showing peaks 
at various angles, but the most intense at 26.68° (100%), 26.74° (53%), 20.90° (32%), 20.96° 
(16%) and 50.16° (13%) for sample AS (Figure 0-5) and nearly identical angles and intensity 
of peaks in XRD pattern of sample BS (obtained from separation 1a before heating).  
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Figure 0-6 - Quartz showing major peaks at 20.93°, 26.70°, 21.01°, 26.77° and 42.53° (Sample ABS 
obtained after separation 1a (after heating)).   
XRD patterns of inorganic solid sample ABS were also consistent with those of quartz, showing 
peaks at various angles, with the most intense at 20.93° (100%), 26.70° (80%), 21.01° (48%), 
26.77° (44%) and 42.53° (31%). The relative intensity of peaks was varying in this 
diffractogram when compared to the previous samples (AS & BS), which is dependent on the 
elemental composition of the sample as well as the preparation process that can affect the 
crystallinity of the sample.  
 
XRD patterns of kaolinite clay showed peaks at angles 24.91° (100%), 12.38° (72%), 62.29° 
(51%) and 38.45° (44%), but as expected it showed less crystalline nature when compared to 
sand. XRD pattern of standard montmorillonite clay showed even less crystalline nature with 
one peak at angle 26.60° (100%) and peaks of variety of angles at ca. 10% intensity. XRD 
patterns of sand and clay mixtures showed intensive peaks consistent with sand, caused by its 
strong crystalline nature. Different intensities of peaks and presence of additional peaks 
indicated the presence of other compound (e.g. peak at angle 12.45° with the presence of 
kaolinite clay).  
 
The highly amorphous nature of HA was indicated in this study by presence of non-crystalline 
XRD pattern, as expected, with peaks at angles 26.65° (100%), 38.46° (79%) and 45.46° (67%), 
for NaHA peaks at angles 26.59° (100%) and 62.28° (27%). Mirza et al. (2011) reported XRD 
pattern peaks for FA at angles 39° (90%) and 47° (100%). They also performed XRD on HA; 
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  63 
however, no peaks were reported and the spectrum (similarly to FA one) indicated only the 
presence of highly amorphous compound (Mirza et al., 2011).  
 
Figure 0-7 - Series of diffraction patterns of quartz compared with peaks from solids obtained 
during the separation no.1b (top diffraction pattern).  
The XRD study of solid samples (AS and ABS) resulted in the strong silica pattern (Figure 0-5 
and Figure 0-6), very likely hindering visibility of much less intense signals from clays, due to 
the highly crystalline nature of the quartz mineral. A comparison of a range of diffraction 
patterns of quartz with a diffraction pattern of the sample no.1 has confirmed strong indication 
of the presence of silica in the sample (Figure 0-7). Peaks derived from the Kα2 wavelength of 
a solid sample no.1 resulted in the strong quartz signal (sample untreated and treated with 
bitumen present) and additionally presence of some other unidentified component (sample 
treated without oil).  
3.3.2. Microscopic imaging of inorganic solid fraction  
SEM imaging of solid samples (AS, BS and ABS) showed that regardless of the extent of the 
purification process and treatment, the sand grains surface remained heavily covered with much 
smaller particles (ca. 1:100). Due to the highly crystalline nature of sand, when compared to 
clays, it could not be confirmed with XRD whether the particles seen on the surface are 
kaolinite or montmorillonite.  
 
Position [∞2Theta] (Copper (Cu))
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
 Peak List
 00-001-0649
 00-002-0458
 00-002-0471
 00-003-0419
 00-003-0427
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Figure 0-8 - SEM images of solids (BS) obtained from the extraction no.1a. 
 
3.3.3. Elemental analysis of oil sand fractions  
SEM-EDX of samples AS, BS and ABS showed presence of Si and O in proportion ca. 1:3 
indicating on the presence of SiO2 and some other oxygen-containing compound. The small 
proportion of carbon and aluminium indicated the presence of organic compounds and possibly 
kaolinite clay. Organic compounds could possibly be adsorbed on the sand surface or on the 
surface of clay (or both). The atomic proportions of C:O:Al:Si were found to be ca. 2:12:4:1 
when averaging solid samples was analysed.  
 
The same analysis of water-soluble samples (1a and 1b) showed high amount of Si indicating 
dissolved silica and a proportionally higher, when compared to other samples, amount of 
carbon and a lower amount of oxygen. Proportions of C:O:Si were found to be ca. 3:3:4 when 
averaging solid samples, with Al amounts of zero. Some water-soluble samples showed very 
small proportions (0.1 – 0.2 but were repeatable) of elements such as Na, Cl, K and Ca. This 
could indicate on the presence of organic compounds and traces of soluble NaCl and CaCO3.  
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Table 0.4 - Example of elemental analysis of inorganic solids (AS, BS) and HA powder (1b). 
 
Element 
AS AS BS BS 1b 1b 
Weight% Atomic% Weight% Atomic% Weight% Atomic% 
C 5.41 8.64 9.43 14.71 8.72 17.93 
O 52.49 62.87 51.36 60.14 3.08 4.76 
Al 5.84 4.15 8.46 5.88 0 0 
Na 0 0 0 0 0.20 0.22 
Si 34.79 23.74 26.24 17.51 87.53 76.99 
K 0.41 0.20 0.77 0.37 0 0 
Ti 0 0 0.30 0.12 0 0 
Fe 0.41 0.14 2.36 0.79 0 0 
Cu 0.43 0.13 0.46 0.14 0 0 
 
3.3.4. Elemental analysis of HA  
The water-soluble components obtained during the separations (1a, 1b, 2, 3 and 4) and standard 
HA and NaHA compounds were analysed using CHN elemental analysis. It was found that 
standard HA and NaHA consisted of ca. 12:1 carbon to hydrogen. The ratio of carbon to 
hydrogen in samples extracted from oil sand were ca. 5:1, although they all consistently showed 
the presence of carbon and hydrogen throughout. This discrepancy was potentially caused by 
the presence of impurities in HA extracted from oil sand samples, such as clays, that would 
increase the amount of hydrogen in the mixture. Nitrogen levels were found to be below the 
0.3% level of uncertainty of the CHN analytical procedure in either standard or extracted HA 
samples. The certificate of analysis provided by the suppliers, Sigma-Aldrich, reported C:H:N 
ratio of HA to be ca. 40:4:1. Li et al. (2011) reported C:H:N ratio in HA extracted from sewage 
sludge to be 11:2:1. 
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Table 0.5 - CHN analysis of HA extracted from the oil sand ore compared to standard samples of 
NaHA and HA. 
Compound C% H% N% O% 
HA standard 37 3 <0.3 60 
NaHA standard 35 3 <0.3 62 
HA no.3 9 2 <0.3 89 
HA no.4 8 1 <0.3 91 
 
3.3.5. Characterisation of HA functional groups 
The water-soluble components obtained during the separation (1a, 1b, 2, 3 and 4) were analysed 
using FTIR (Figure 0-9-3.11, respectively). Spectra were compared with the FTIR spectra of 
HA (Appendix 3), NaHA (Appendix 4) and naphthenic acids (Appendix 5) purchased from 
Sigma-Aldrich. Standard kaolinite and montmorillonite clays were also analysed by FTIR to 
study any influence of traces of those clays on the water-soluble component analysis 
(Appendices 6 and 7, respectively). The elucidation of extracted water-soluble components was 
attempted using the transmittance spectra in the IR region, which resulted in the characteristic 
bands, with variable intensities, that were interpreted according to Silverstein (2005).  
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Figure 0-9 - FTIR spectrum of HA sample no.1b. 
The presence of carboxylic acids that usually exist as dimers, due to strong H-bonding, 
typically appear in the region between 3500 – 2500 cm-1 in a form of very broad band, caused 
by the O-H stretching. Only in a non-polar solvent or in the vapour phase and in very low 
concentrations, spectra of carboxylic acids show a free hydroxyl stretching vibration around 
3520 cm-1. A broad band in this region is present in spectra of all analysed samples (no.1a – 
3314 cm-1, no.1b – 3195 cm-1, no.2 – 3197 cm-1, no.3 – 3358 cm-1 and no.4 – 3397 cm-1). Such 
bands were also found in the spectra of standard HA and NaHA (3357 cm-1 and 3245 cm-1 
respectively). This band also ascribed to O-H stretching of various functional groups was also 
identified by Mafra et al. (2007) at about 3400 cm-1 for all analysed HA samples.  
 
Sharp bands of medium intensity, present very high up on the spectral range around the region 
3500 – 3700 cm-1 are typical for the intramolecularly bonded alcohols and phenols. Those 
peaks are evident in the spectrum of sample no.4 and the spectrum of standard HA. Still present, 
although much weaker, in the spectrum of standard NaHA.  
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Figure 0-10 - FTIR spectrum of HA sample no.1a. 
 
Medium bands around 3000 cm-1 are typical for alkanes and alkenes including conjugated and 
cyclic structures. Those bands can be found in the spectra of standard NaHA (2923 and 2923 
cm-1, respectively) as well as in the sample no.1a (2929 cm-1), no.3 (2931 cm-1) and no.4 (2928 
cm-1); however, no band was present in this region in samples no.1b and no.2. The band found 
a little below this spectral range is attributed to the asymmetric and symmetric stretching of 
aliphatic C-H and similarly can be found in the spectra of standard HA (2852 cm-1) as well as 
NaHA (2852 cm-1) and sample no.1a (2875 cm-1), no.3 (2858) and no.4 (2850 cm-1). Such 
bands are likely to represent the aromatic and aliphatic components in the sample and band of 
very similar shape and intensity were also found in the spectra of humic compounds analysed 
by Ricca et al. (2000), Peuravuori et al. (2006), Brunetti et al. (2007), Mafra et al. (2007), 
D’Orazio and Senesi (2009), Li et al. (2011) and Polak et al. (2011).  
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Figure 0-11 - FTIR spectrum of water-soluble components obtained from the extraction no.2. 
 
In the region 1500 – 1700 cm-1, commonly assigned to the C=O functional group present with 
the aromatic structure as well as to the C-O stretching of the carboxylic group, but also alkenes, 
aromatics, ketones, nitro-compounds and aliphatic and aromatic primary amines and amine 
salts. The standard spectra of HA (1569 and 1558 cm-1) and NaHA (1558 and 1542 cm-1) show 
bands in this region. Spectra of sample no.3 and no.4 have bands present in this region (1593 
and 1596 cm-1 respectively). Spectrum of the sample no.1a resulted in the band at slightly 
higher wavelengths (1650 cm-1) that according to some sources is representative of the carbonyl 
stretching bands typical to quinones – 17 different quinones5 showed strong band around in the 
region 1670 – 1630 cm-1 and 22 different quinones presented in the article by Berkowitz et al. 
(1963) from the Research Council of Alberta, Canada6. D’Orazio and Senesi (2009) also listed 
1660 – 1630 cm-1 range as a typical range for C=O of quinones and hydrogen bonded 
conjugated ketones as well as amide groups. This spectral range, however, also indicates the 
presence of other types of ketones and alkenes. Spectra of samples no.1b and no.2 also have 
peaks present in this region (1634 and 1635 cm-1, respectively); however, of relatively lower 
                                               
5 Source: Spectral Database of Organic Compounds SDBS website, Available at: 
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi [Accessed October 15, 2018]. 
6 The article was unpublished and undated, title: On the structure of HAs, source: Argonne National Laboratory 
website, Available at: http://web.anl.gov [Accessed September 26, 2013]. 
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intensity and very similar in the shape and intensity to the peak present in the standard spectrum 
of silica (1633 cm-1). Cuhna et al. (2009) reported that the weak band in the region 1080 – 1049 
cm-1 could be attributed to the stretching of C-O of polysaccharides and silicates sludges. 
Spectra of the sample no.1b, no.2 but also no.3 have bands in this region (1060, 1049 and 1075 
cm-1, respectively). Band in the region 1440 – 1395 cm-1 typical for the O-H bending vibrations 
in polysaccharides, can be found in the sample no.1a (1404 and 1446 cm-1), no.3 (1358 and 
1412 cm-1) and no.4 (1356 and 1412 cm-1).  
 
Figure 0-12 - FTIR spectrum of HA sample no.3. 
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Figure 0-13 - FTIR spectrum of HA sample no.4. 
 
Each extraction technique resulted in precipitation of some form of water-soluble components. 
The FTIR analysis of dried residue indicated the presence of organic compounds in samples 
no.1a, no.3 and no.4, and additionally aromatic structures present in sample no.3 and no.4. The 
FTIR analysis and comparison of the resulting spectra to the literature indicated the presence 
of organic acid (possibly HA) in the precipitate. The precipitates obtained from the 
fractionations no.1b and no.2 resulted in water-soluble residues. The FTIR analysis indicated 
the presence of dissolved silica with traces of organic compounds. No obvious presence of 
organic acids was observed in those spectra. The very low grade of sample no.4 was certainly 
an advantage, as it was more likely to provide significant amounts of humic substances, as 
opposed to the high-grade sample no.1. Additionally, the filtration techniques used during the 
separation of samples no.1 and no.2 could result in the loss of HA that was adsorbed on the 
filter fibres. Also, separation using a column chromatography, resulted in low concentration of 
organic components, which could be due to the fact that only pure HA was obtained, rather 
than all possible water-soluble organic components, or again, complex extraction technique led 
to a loss of very low amount of HA.  
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Table 0.6 - Summary of characteristics of HA samples extracted from oil sand samples and 
identified by FTIR. 
 Functional groups and possible compounds detected by FTIR 
Sample Carboxylic acids 
Alcohols and phenols 
Alkanes and alkenes 
Aliphatic and 
arom
atic com
ponents 
Q
uinones 
Ketones 
Am
ides  
Arom
atics 
Polysaccharides 
Aliphatic and 
arom
atic am
ines 
Dissolved silica 
NaHA ✓ low ✓ ✓  ✓  ✓ ✓ ✓  
HA ✓ ✓ ✓ ✓  ✓  ✓ ✓ ✓  
1a ✓ ✓ ✓ ✓ ✓ ✓ ✓  ✓   
1b ✓ ✓   low ✓   ✓  ✓ 
2 ✓ ✓   low ✓   ✓  ✓ 
3 ✓ ✓ ✓ ✓  ✓  ✓ ✓ ✓ ✓ 
4 ✓ ✓ ✓ ✓  ✓  ✓ ✓ ✓  
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3.5. Conclusions and future work 
Based on the results obtained from the above characterisation it was evident that the extraction 
of HA from oil sand is not straightforward. Various initially assessed methods reported in the 
literature resulted in no HA extract. The complexity of oil sand matrix added to the difficulty 
of HA extraction.  
 
As expected, XRD proved to be a valuable technique for the characterisation of solid crystalline 
material; however, it requires high purity of the sample. The strong signal from the highly 
crystalline sand affected identification of other oil sand components such as clays. The XRD 
characterisation of components such as montmorillonite and kaolinite clays show acceptable 
diffraction patterns only in their pure (standard) forms. Kaolinite in the mixture with sand was 
more easily determined by XRD than montmorillonite mixed with sand; nevertheless, its 
pattern was mostly lost in the presence of the strong signals from the sand. The XRD patterns 
indicated the presence of complex organic matter in the water-soluble precipitate and in the 
separated clay samples.  
 
SEM images of solid samples showed that significant amounts of clay particles observed were 
adsorbed on the surface of the sand. However, it is important to add that the arrangement could 
have been altered during the sample preparation. No significant difference was visible in the 
microscopy images between the untreated solids, solids heat-treated with bitumen present and 
heat-treated after removing bitumen.  
 
SEM-EDX analysis of water-soluble components resulted in relatively high carbon and oxygen 
content in each precipitate, indicating the presence of organic matter. In addition to the high 
level of oxygen, there was also high silicon content that could suggest that dissolved silica was 
also present in analysed samples.  
 
Extensive attempts to characterise HA using NMR spectroscopy did not result in any 
meaningful data and no useful 13C NMR and 1H NMR spectra were obtained. The analysis 
proved to require higher concentrations of HA than those present from the extracted natural oil 
sample. Additionally, as the compound is water soluble, it requires the use of D2O, containing 
exchangeable D atoms that exchange with H atoms and so affect the analysis. The NMR 
spectroscopy technique is a viable technique for the identification of HA from the solution after 
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appropriate sample preparation (perhaps functional groups derivatisation and use of CDCl3 as 
a solvent).  
 
FTIR spectroscopy proved to be the best technique so far for the characterisation of HA. All 
five analysed samples have been shown to consist of alcohols, phenols and ketones in their 
structure. However, the presence of aromatic structures and amines was only detected in 
samples 3 and 4.  
 
All four separation methods resulted in the extraction of mixtures of water-soluble organic 
compounds and dissolved or dispersed inorganic compounds. Although the analysis suggested 
the presence of HA in all of the samples, FTIR confirmed the presence of aromatic compounds 
only in two out of five powders.  
 
Further work on the optimisation of HA extraction techniques could involve further variations 
to the methods included above (e.g. use of very low-grade sample to minimise bitumen content 
and increasing pH to at least pH = 10 before separation of water soluble, oil soluble and solids 
in the first step). Bakina and Orlova (2012) reported that the extraction of HA is strongly 
dependent on the pH as it directly relates to the capacity of phenol and carboxylic acid 
functional groups to dissociate. For carboxylic acids to dissociate, the pH required must be 
above 5 and for phenolic groups at least 9. The dissolution highly depends on the composition 
of HA, which can vary significantly and as a result the number of its functional groups present.  
 
Based on the current results and understanding of characterisation techniques, the next steps 
might involve further optimisation of HA extraction techniques from natural oil sand samples. 
Characterisation methods of extracted HA powders should include FTIR, SEM-EDX and 
CHNS analysis, as those were established to be the most useful for HA analysis so far. 
Additional techniques should be evaluated for their suitability in HA characterisation, i.e.:  
• Spectro-fluorescence used in the emission, excitation, and synchronous-scan excitation 
modes. Emission spectra indicate the nature and origin of the humic material. Excitation 
and synchronous-scan excitation spectra indicate the type and source of the humic 
material. The fluorescence properties of humic substances were shown to be useful for 
distinguishing between HA and FA (Senesi et al., 1991). 
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• Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) used in the analysis of 
biomass, organic tissue and pharmaceuticals by providing molecular and elemental 
information (Wagner & Castner, 2001). 
• X-ray photoelectron spectroscopy (XPS) was previously reported to be a useful 
technique in studying soil particles such as humic substances to determine their surface 
chemical composition. A preferential adsorption of a humic-like organic matter on the 
aluminosilicate surface was previously underlined by the use of XPS by Flogeac et al. 
(2005). 
• The use of a cryo-stage during analysis should be evaluated, e.g. placing HA-coated 
clay on the cryo-stage under liquid nitrogen (Negre et al, 2004).  
• Optimisation of HA characterisation methods such as Raman and NMR could be further 
explored (Yang & Wang, 1997; Brunetti et al., 2007; Nebbioso & Piccolo, 2013).  
• Using newer technology should be considered: 
o Surface-enhanced Raman and fluorescence joint analysis (Corrado et al., 2008) 
or Fluorescence Spectroscopy and Atomic Force Microscopy joins analysis 
(Barriquello et al., 2012). 
o Electrospray Ionisation and Field Desorption Ionisation Fourier Transform Ion 
Cyclotron Resonance Mass Spectrometry (ESI FT-ICR MS and Continous Flow 
FD FT-ICR-MS) were previously used for characterisation of water-soluble 
organic species obtained from crude oil samples (Stanford et al., 2007; 
Nebbioso & Piccolo, 2013). 
• Further steps that could potentially improve the readings should include alteration of 
HA structure, e.g. derivatisation (Ricca et al., 2000).  
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Chapter	4	Interactions	of	HA	with	mineral	surfaces	and	
its	effect	on	petroleum	hydrocarbon	affinities	 to	sand	
and	clay		
4.1 Introduction 
4.1.1 Background 
As described in previous chapters, it has been considered that water-soluble organic species 
can influence the recovery of bitumen by having an effect on parameters such as wettability or 
surface charge, thereby altering interactions between oil sand components (Kotlyar et al., 1984, 
Ignasiak et al., 1985, Margeson et al., 1989, Ignasiak et al., 1985, Czarnecki et al., 2005, 
Gutierrez, 2014).  
 
The main objective of this part of the study was to evaluate whether HA interacts with the 
surfaces of minerals present naturally in the oil sand ore, how it interacts and what is its 
potential effect on the physico-chemical properties of the mineral surfaces. Specifically, the 
study involved assessing HA interactions with sand and clay surfaces, using dielectric 
spectroscopy, UV-Vis spectrophotometry, sedimentation studies and adsorption isotherms. 
Dielectric measurements described in Chapter 2 revealed strong, regular dependencies on the 
composition of oil sand systems. The present chapter focusses on the properties of HA naturally 
present in the oil sand or induced during processing. With reference to the literature and the 
new results, an attempt has been made to propose a mechanism representing the interactions 
between the water-soluble compounds and other components present in oil sands. Furthermore, 
experimental research into asphaltene surface activity and adsorption studies on minerals 
naturally present in oil sands has been included. It also touches on the presence of HA on the 
surface interactions between asphaltenes and bitumen with clay and sand.  
 
In particular, the chapter describes the adsorption of HA on the surface of sand and kaolinite 
clay, including an initial study of clay stabilisation by HA in solution. It also considers the 
effect of adsorbed HA on the sand and clay surface wettability assessed using dielectric 
spectroscopy. Another part of this chapter describes the adsorption of asphaltenes on the 
surface of the sand, as one of the key elements of oil sand. The results are compared to the 
effect of adsorbed bitumen on the surface of the sand. Finally, the adsorption of asphaltenes 
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and bitumen on the surface of the sand containing different amounts of HA and its effect on 
surface wettability is considered.  
4.1.2 Key relevant findings  
4.1.2.1 HA as a surface-active compound  
Humic compounds are widespread throughout the natural environment and referred to as 
“water-soluble organic matter” (Krivacsy et al., 2008). Although not well understood, it is 
known that HA has unique bulk properties that have been studied in the environmental 
sciences. They are known to interact with metals and minerals in the natural environment, 
allowing transport of nutrients and removing toxins (Simpson et al., 2006, Kang & Xing, 2007). 
HA is also relevant to biological and medical sciences, as they have been shown to make an 
impact on drug delivery and bioavailability (Mirza et al., 2011).  
 
The same properties responsible for surface interactions and adsorption in biological systems 
have also been linked potentially to problems with oil recovery. The presence of water-soluble 
organic matter was previously related to a poor recovery and processing of heavy oil (Ignasiak 
et al., 1985), and even though some studies have been carried out, the processes in which humic 
substances interact with oil sand components still remain undiscovered and require further 
research. 
 
Many research groups refer to HA as a natural surfactant, suggesting that it is surface active 
through various mechanisms, which occur in nature (Salati et al., 2011). Some authors suggest 
that functional groups containing oxygen present on the HA become incorporated into bitumen, 
rendering it more hydrophilic (Charlie-Duhaunt et al., 2000). Others suggest that HA interacts 
with mineral surfaces, making them more hydrophobic (Murphy et al., 1992).  
 
Irrespective of which of these (or other) mechanisms are taking place, the presence of HA in 
oil reservoirs would appear to increase the attraction of bitumen to naturally hydrophilic 
mineral surfaces, and as a result, strengthen attractions with solids in the reservoir after 
recovery and during separation. Such interactions could also stabilise water-bitumen emulsions 
and clays dispersed in the SAGD processed water. HA was also reported to increase the 
mobility of some minerals through the sand (Chen et al., 2012), even if present at very low 
concentrations (ca.1 mg/L). It is important, therefore, to explore these interactions in more 
detail as they could significantly affect bitumen recovery and processing. The interactions of 
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HA with mineral matter appear to be of a great interest and it was proved that humic substances 
are associated with minerals, whether in the context of oil sand ores or other systems (Angelico 
et al., 2013, Wu et al., 2002). Even if the structure of oil sands varies greatly from source to 
source, it is consistently rich in clays and it has been estimated that the Athabasca oil sand ores 
comprise 80-85% of minerals (Takamura, 1982).  
 
Clay minerals are a major component of fines dispersed within crudes when they originate from 
heavy oil sands and are regarded as the most reactive components for retaining asphaltenes 
(Jada & Debih, 2009). The classical fractions of oil include saturates, aromatics, resins and 
asphaltenes (referred to as SARA). Many researchers have determined different trends in the 
way they interact with each other and with the surrounding environment including sand, clays 
and water. They have also shown that those relationships are dependent on the ratio of 
components present, extent of aromaticity and heteroatom content. Out of these four sub-
fractions, asphaltenes prove the most problematic in oil extraction. They have been shown to 
reduce oil recovery through changes in reservoir wettability, clogging rock pores and forming 
deposits in oil wells (Cruz et al., 2009; Drummond & Israelachvili, 2004; Buckley & Liu, 
1998). Asphaltenes were reported as the largest, densest, most polar and surface-active fraction 
of oil and the major contributor to several issues within the petroleum industry (Rana et al., 
2007) and therefore were chosen for this part of the study.  
 
Although saturates, aromatics, resins and asphaltenes (SARA) fractions are not intended to 
form a principal part of this study, it is important to mention that among other chemical 
structures, they consist of polycyclic aromatic sheets comprising up to 10 benzene rings with 
4 to 6 peripheral cycloalkanes, branched and linear alkane chains (Mullins, 2010), that remain 
structure of HA. Due to this fact, just as other complex materials included in this study, they 
are usually characterised by their bulk solution properties. It has been previously reported, for 
example, that asphaltenes are mostly formed of a polyaromatic backbone with some 
heteroatoms such as N, O and S with traces of heavy metals (Eyssautier et al., 2012). They 
have also been suggested to contain acid-base pairs between O- and N-containing functional 
groups (i.e. potentially including negative and positive charges) as well as chelating metal 
structures (Erdman & Harju, 1963). Asphaltenes were also shown to form nanoaggregates that 
further form clusters (Mullins, 2010). Those characteristics provide them with physico-
chemical properties that are responsible for the way they interact with their environment, 
including HA and the minerals included in this study.  
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4.1.2. The present study 
In this study the adsorption of HA on the surface of sand and kaolinite clay, including an initial 
study of clay stabilisation by HA in solution was investigated. It also considered the effect of 
adsorbed HA on the sand and clay surface wettability assessed using dielectric spectroscopy. 
Another part of this study explores the adsorption of asphaltenes on the surface of the sand, as 
one of the key elements of oil sand. The results were compared to the effect of adsorbed 
bitumen on the surface of the sand. Finally, the adsorption of asphaltenes and bitumen on the 
surface of the sand containing different amounts of HA were investigated and its effect on 
surface wettability was assessed.  
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4.2. Experimental Section 
4.2.1. Materials 
The HA used in this study was obtained from Sigma-Aldrich, UK and used as received. HA 
composition is not exactly known and will vary from sample to sample. The HA used was in 
the form of a black powder and depending on the lot number, slightly varying composition and 
properties (Table 0.1).  Samples of natural Canadian oil sand were obtained from a BP asset. 
Type I water (resistivity 18.2 MΩ.cm) was used for the sample preparation. Standard solids 
used included sand quartz (obtained from Sigma-Aldrich) and kaolinite clay (kaolinite KGa-1 
from The Clay Repository, West Lafayette, IN, USA).  
 
Table 0.1 - Selected compositional and properties of the HA used in this study. 
Specification Minimum reported Maximum reported 
pH  6.2 6.4 
Residue on ignition (%) 25.90  33.90  
Carbon content (%) 40.33  42.75  
Hydrogen content (%) 3.61  3.69  
Nitrogen content (%) 0.80  0.99  
 
4.2.2. Methods 
4.2.2.1. Preparation of HA solutions 
The NaHA solutions (50 – 15,000 mg/L) were prepared by thoroughly mixing the appropriate 
quantities of NaHA in water aided by an orbital shaker. Solutions were prepared by mixing the 
exact amounts of NaHA required to obtain solutions of the desired concentrations.  
 
4.2.2.2. Sample preparation for dielectric measurements  
Series 1 – NaHA solutions: NaHA solutions (50 – 15,000 mg/L) were placed one at a time into 
a Novocontrol liquid cell that had been pre-lined with an insulating polymer film (‘Cling Film’) 
as described in section 2.3.2.3. All samples were fully enclosed with polymer film prior to 
closing the cell with a metal disc. The 20 mm diameter by 7 mm thick disc-shaped holder was 
capable of holding ca. 2 mL of the solution. Each prepared sample was mounted between the 
two electrodes of the Novocontrol cell holder. 
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Series 2 – sand with NaHA solutions: Each experiment consisted of filling the liquid cell with 
dry quartz sand (ca. 2.5 g), which was then saturated with the NaHA solution (0.3 mL). Each 
analysis was done using a new sand sample (either naturally hydrophilic or hydrophobised) 
and freshly prepared NaHA solution. This procedure was repeated for the whole concentration 
range of NaHA solutions.  
 
Series 3 – sand/clay mixtures with NaHA solutions: Each experiment consisted of filling the 
liquid cell with sand/clay mixtures (ca. 2.5 g; kaolinite – 12.4, 30 and 50 wt%), which were 
then saturated with the NaHA solution (0.3 mL).  
 
Series 4 – asphaltenes coated sand with NaHA solution: Asphaltene powder (3.32 mg) was 
dissolved in toluene (20 mL) to obtain a solution (166 mg/L). The asphaltene solution (20 mL) 
was then mixed with sand (5 g). The proportions were chosen carefully to allow for full sand 
surface coverage with asphaltenes (initial study and calculations suggested that minimum 0.2 
mg of asphaltenes required per 1 g of sand). The asphaltene solution and sand mixture was 
shaken on an orbital shaker (30 rpm) overnight to maximise the exposure of the sand surface 
to the solution. The solution was then removed by pipette and the sand was allowed to fully 
dry. Asphaltene-coated sand was placed in the DS cell and analysed with deionised water and 
two different concentrations of NaHA solution (200 mg/L and 1000 mg/L). The test was run at 
four-time intervals (immediately, 1 hour, 12 hours and 36 hours). 
 
Series 5 – NaHA coated sand: Sand (10 g) was mixed with NaHA solution (50 mL, 318 mg/L 
(0.125 g in 100 mL)). The proportions were chosen carefully to allow for the full sand surface 
coverage with NaHA (initial study and calculations suggested that minimum 0.4 mg of NaHA 
required per 1 g of sand). NaHA solution and sand mix was shaken on the orbital shaker (30 
rpm) overnight to maximize the exposure of the sand surface to NaHA solution. The solution 
was removed with pipette and sand was allowed to dry completely.  
 
Series 6 – bitumen-coated sand with NaHA solution: Bitumen (0.3 g) was dissolved in toluene 
(18 mL) and mixed with sand (3 g). The bitumen coverage was therefore 10 mg/g. The toluene 
was allowed to evaporate. Bitumen-coated sand was placed in the DS cell, saturated with NaHA 
solution (0.5 mL, 1.709 g/L (i.e. 0.5 g in 100 mL)) and run at three-time intervals (immediately, 
1 hour, and 12 hours). 
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4.2.2.3. Dielectric analyses 
This has been described in detail in Chapter 2, but briefly, dielectric behaviour was analysed 
using a broadband dielectric spectrometer from Novocontrol Technologies GmbH, Germany. 
The system consists of a frequency response analyser (Alpha Analyser) with a sine wave and 
DC (direct current)-bias generator and two AC (alternating current) voltage input channels. A 
series of 115 measurements per sample were run in an ambient temperature (21 ± 1 °C) over 
the 10-2 to 107 Hz frequency range. The conductivity behaviour of the corresponding HA 
solutions in the absence of sand was also measured.  
 
4.2.2.4. UV-Vis measurements  
Solutions of NaHA (4 – 200 mg/L) and asphaltenes (2.5 – 160 mg/L) were analysed by UV-
Vis spectrophotometry to produce calibration curves. Each solution (20 mL) was subsequently 
mixed with sand (1 g), kaolinite clay, and a kaolinite clay-sand mixture (12.4:87.6). 
Dispersions were shaken (4 h) on an orbital shaker (200 rpm), centrifuged using a Rotina 380 
Hettich benchtop centrifuge (10 min, 5000 rpm), decanted, and solutions analysed against 
calibration curve.  
 
A quantitative analysis of NaHA solutions and asphaltene solutions was performed using a 
Thermo Scientific Evolution 220 UV-Visible spectrophotometer in the Quant mode (at 254 nm 
wavelengths for NaHA and 420 nm for asphaltenes) to obtain the calibration curve and in the 
Scan mode for all other samples. Each liquid sample was placed into the standard rectangular 
1 cm quartz cuvette and placed into the sample holder.  
 
4.2.2.5. Preparation of HA-coated sand 
The HA solutions (20 mL) of different concentrations (20 mg/L and 200 mg/L) were 
prepared, mixed with the same amounts of sand (0.1 g) and shaken (160 rpm) for 4 hours to 
allow HA to adsorb. The solutions were used in their natural near-neutral pH (ca. 6 - 7). The 
solutions were then decanted and the sand dried.  	
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4.3. Results and discussion 
4.3.1. Adsorption of HA onto sand  
Conductivity behaviour, obtained by DS measurements, showed a linear trend with increasing 
NaHA concentration as shown in Figure 0-1 (filled circles). After the addition of sand to the 
NaHA solutions, the measured conductivity values became comparable to the conductivity of 
sand with pure water across the range of concentrations up to ca. 3000 mg/L. From that point 
onwards, the conductivity was found to increase linearly, with a slope similar to that of the 
solution itself. This effect indicates that the presence of the sand reduces the effective 
concentration of charge-carrying species (presumably HA and the sodium counterion).  
 
Thus, up to this concentration, it appears that the sand adsorbed all the available NaHA on its 
surface, thereby removing the charge carriers present in the solution.  
 
Figure 0-1 - Effect of NaHA concentration on the conductivity of NaHA solutions (filled points) 
sand/NaHA solution mixtures (open points). The lines were added to guide the eye.  
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The increase in conductivity above ca. 3000 mg/L suggests that excess charge carriers are now 
available in the solution. Therefore, it would be reasonable to conclude that, at this point, the 
sand surfaces are saturated with HA.  
 
This aspect of the study proved that the sand surface has the ability to adsorb HA. It also showed 
that the adsorption is limited, probably due to the surface area of the sand and monolayer 
formation. These results also bring up another question, about the ability of clays to adsorb the 
HA from the solution. For that reason, the affinity of the kaolinite clay on its own and sand and 
clay mixtures was studied.  
4.3.2. Adsorption of HA onto the various mineral surfaces 
The affinity of HA for sand and clay surfaces was further studied by preparing a range of 
standard solutions of NaHA. The solutions were further mixed with sand, clay (kaolinite) and 
different ratios of sand-clay mixtures.   
 
NaHA solutions (50 – 200 mg/L) were prepared, and quantitative UV-Vis analysis was carried 
out at 254 nm. A standard calibration curve was produced to enable the final NaHA 
concentrations to be determined in batch adsorption experiments (Figure 0-2).  
 
By means of the UV-Vis adsorption study, all the concentrations of prepared samples were 
calculated using the equation obtained from the standard Beer-Lambert law calibration curve: 
 
Abs(254 nm) = 0.208 + 0.23 C, r2 = 0.999 
C = (Abs(254 nm) – 0.208)/0.023 
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Figure 0-2 - NaHA absorbance (254 nm) calibration curve. 
 
A range of solid samples was prepared using various ratios of sand and kaolinite: 
• Sand alone 
• Kaolinite alone 
• Kaolinite-to-sand mixtures: 
o 12.4:87.6 wt% 
o 20:80 wt% 
o 50:50 wt%. 
Each solid sample (1 g) was mixed with different concentration NaHA solutions (20 mL) in 
the range 4 – 200 mg/L, one sample at the time. Each selection of samples was shaken (60 rpm, 
4 h) to equilibrate at ambient temperature (21 ± 1 °C), centrifuged (5000 rpm, 20 min) and the 
supernatant removed. The concentrations of each series of solutions were immediately 
measured using UV-Vis spectroscopy, and compared with the calibration plot. The resultant 
concentrations are seen to be significantly lower than the initial concentration of NaHA 
solutions in Table 0.2.  
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Table 0.2 - Concentrations of standard NaHA solutions and final concentrations after mixing with 
varying ratios of sand/clay mixes (given in wt%). 
Initial HA 
concentration 
[mg/L] 
Final HA concentration [mg/L] after addition of following solid ratios [wt%] 
Clay:Sand 
100:0 
Clay:Sand 
50:50 
Clay:Sand 
30:70 
Clay:Sand 
12.4:87.6 
Clay:Sand 
0:100 
4 0 0 0 0 0 
20 0 0 0 0 8.9 
40 0 1.5 9.1 11.7 28.0 
60 0 16.0 28.1 37.0 50.2 
80 4.5 29.9 45.1 49.6 68.1 
100 25.4 62.5 78.6 82.0 98.9 
120 41.3 83.7 96.9 104.0 120.7 
150 63.4 101.0 111.1 119.6 135.2 
200 126.3 160.5 169.0 173.4 176.9 
 
The adsorption studies using different concentrations of NaHA solutions proved strong affinity 
of HA to the surfaces of both studied solids – kaolinite clay and sand. The adsorption was 
highly dependent on the content of the clay in the sand-clay mixtures. The higher the amount 
of the kaolinite clay in the solid mixture, the higher the amount of the HA adsorbed onto the 
surface. The lowest adsorption was noted when sand only was used, with significant gradual 
increase over the range of mixtures made of 12.4, 30 and 50 wt% of clay, with the highest 
adsorption shown when only clay was used (Figure 0-3).  
 
 
Figure 0-3 - Adsorption of NaHA on sand-clay mixtures (the lines were added to guide the eye). 
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4.3.3. Calculation of the NaHA adsorbed onto different minerals 
The results obtained from this adsorption study were processed, taking into consideration 
different specific surface areas (SA) of each component particle in the mixtures. Assuming that 
particles of kaolinite clay and sand are perfect spheres with sizes (expressed by means of 
perfect sphere diameter, d) of 2 and 200 µm, respectively, and each with a density of 2.6 g/mL, 
the calculated surface areas per 100 g of each mixture are shown in Table 0.3.  
 
Table 0.3 - Calculated surface area for sand and clay in each mixture (ratio given in wt%). 
No. Clay:Sand ratio Sand surface area [m2] Clay surface area [m2] 
1 0:100 1.15 0 
2 12.4:87.6 1.01 14.33 
3 30:70 0.81 34.68 
4 50:50 0.58 57.68 
5 100:0 0 115.36 
 
The adsorption studies were performed by considering the weight of HA (in mg) that was 
adsorbed onto a certain weight of the solid mixture (in g), therefore the surface areas of the 
each mixture were calculated.  
 
In the case of the sand and clay, the differences in the surface area are significant. The 
percentage area of the clay in each mixture was calculated (Table 0.5), which allows for the 
significance of the clay in adsorption studies to be seen more clearly. Even when present in 
low quantities, clay particles provide significantly higher SA available for the adsorption of 
water soluble organic acids. It can be seen from the results that, even when the amount of the 
clay is as low as 12.4%, it provides over 90% of SA of the entire sand-clay mixture.  
 
Table 0.4 - Calculated surface area for each component and total for every sand/clay mixture. 
 0 wt% clay 12.4 wt% clay 30 wt% clay 50 wt% clay 100 wt% clay 
SA of clay [m2] 0 14.33 34.68 57.68 115.36 
SA of sand [m2] 1.15 1.01 0.81 0.58 0 
Total SA [m2] 1.15 15.34 35.49 58.26 115.36 
 
Table 0.5 - Calculate area% of the clay in each sand/clay mixture. 
 0 wt% clay 12.4 wt% clay 30 wt% clay 50 wt% clay 100 wt% clay 
Clay area% 0% 93% 98% 99% 100% 
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Although the exact composition of HA has never been confirmed, it is known that HA is a 
complex mixture of compounds and it was previously shown that adsorption of HA on mineral 
surfaces obtain from different sources vary (Erhayem & Sohn, 2014). Adsorption of HA on 
mineral surfaces was also reported to be pH dependent, i.e. it decreases with increasing pH due 
to lateral electrostatic repusion between adsorbed HA particles (Chen et al., 2017). The 
adsorption of HA on the surface of the clay is a consequence of surface energy, but the nature 
of bonding depends on the structure of HA. It is likely that the nature of adsorption of HA 
varies at different clay particle planes (e.g. on the edges of kaolinite and montmorillonite clays 
is due to the ligand exchange and electrostatic attraction, whereas on other areas is due to the 
combination of H-bonding and hydrophobic interaction). Although the present study does not 
explore this area, it is worth mentioning as particle size and shape of clays will vary from clay 
to clay and from source to source and that would have an effect on the HA adsorption. 
4.3.4. Adsorption of asphaltenes onto mineral surfaces  
The affinity of asphaltenes for sand and clay surfaces was studied using a range of asphaltene 
solutions, which were mixed with sand and kaolinite clay, and the resulting concentrations 
measured against the standard calibration plot. The adsorption studies using different 
concentrations of asphaltene solutions proved the affinity of asphaltenes to the surfaces of both 
kaolinite clay and sand.  
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Figure 0-4 - Asphaltene adsorption onto a sand surface (dashed line was added to guide the eye). 
The maximum adsorption was reached at around 0.2 mg of asphaltenes per 1 g of sand, when 
absorption isotherm reached a plateau value (Figure 0-4). 
 
 
Figure 0-5 - Asphaltene adsorption onto a kaolinite clay surface (dashed line was added to guide 
the eye). 
In terms of the adsorption of asphaltenes on a kaolinite clay surface, the isotherm steadily 
increased throughout the entire tested concentration range (Figure 0-5). This could have been 
caused by the large surface area of clay particles relative to the amount of asphaltenes in the 
solution of highest concentration tested.  
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It has been previously reported that the adsorption isotherm of Athabasca asphaltenes increases 
steadily until the coverage reached ca. 35 mg/g of kaolinite clay at an asphaltene concentration, 
Casph = 200 mg/L (Wang et al., 2013). The same study showed that beyond that point the 
asphaltene concentration started increasing until the adsorption isotherm reached a plateau at 
ca. 55 mg/g with asphaltenes concentration of 1200 mg/L or more. Other studies have shown 
that asphaltenes do not penetrate into the intralamellar sites of clay minerals, adsorbing only 
on the surfaces and therefore different surface areas of clays had swelling caused by water and 
solvents have negligible effect on their adsorption (Pernyeszi et al., 1998, Kosultchi et al., 
2005). It had previously been reported that adsorption of asphaltenes on hydrophilic silica is 
related to the amount of Si-OH sites (the more Si-OH sites, the higher the adsorption) (Nassar 
et al., 2011, Zahabi & Gray, 2012). Silica originated from quartz isolated from the pipelines 
deposits showed asphaltene adsorption between 0.5 – 4.6 mg/m2 (Acevedo et al., 1995). 
Considering previous assumptions of sand being a perfect sphere, this reported range of 
asphaltenes adsorption on sand would be ca. 0.01 – 0.05 mg/g which is approximately one 
order of magnitude lower when compared to this study.  
4.3.5. Hydrophobic behaviour of HA-coated minerals  
The initial study was conducted to assess the effect of HA on the wettability change of the 
mineral surface, by coating the surface of the sand with different amounts of HA. Samples of 
sand particles coated with different amounts of HA were added to vials containing deionised 
water (Figure 0-6). This initial test indicated that the presence of HA on the surface of the sand 
caused more sand to be retained on the water surface when compared to plain sand. This 
indicated a wettability change of the sand following the addition of HA, making it more 
hydrophobic. The HA-coated sand particles were not only partially floating onto the surface of 
the water, but also the visual analysis indicated a relationship between the amount of floating 
sand particles and the amount of HA-adsorbed onto the surface of the sand. 
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Figure 0-6 - Sand on the surface of the water: natural (left), HA coated using 20 mg/L solution 
(middle) and HA coated using 200 mg/L solution (right). 
 
4.3.6. Effect of HA present on the sand surface on asphaltenes and bitumen adsorption 
The affinity of asphaltenes for HA-coated sand and clay surfaces was studied by preparing a 
range of standard asphaltene solutions (2.5 – 160 mg/L) in toluene and two standard solutions 
of NaHA (200 and 1000 mg/L) in water. The higher concentration solution was chosen to 
provide full sand coverage while the lower was chosen as an example of incomplete coverage. 
The solutions of NaHA were further used to adsorb HA on the sand surface. Two types of HA-
coated sand were further mixed with asphaltene solutions to assess asphaltene adsorption on 
partially and fully HA-coated sand surfaces using quantitative UV-Vis analysis carried out at 
420 nm.  
 
The adsorption studies using different concentrations of asphaltene solutions proved the 
affinity of asphaltenes to the surfaces of both studied solids – HA-coated kaolinite clay and 
two types of HA-coated sand. No significant difference was observed between the adsorption 
of asphaltene on untreated and HA-coated clay particles within the studied concentration range 
(Figure 0-7). The adsorption was measured by monitoring the amount of asphaltenes (in mg) 
adsorbed onto a mineral surface (in g) out of solution of asphaltenes in toluene (in mg/L) over 
time.  
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Figure 0-7 - Asphaltene adsorption on kaolinite (squares - untreated; triangles - HA-coated) 
(dashed lines were added to guide the eye). 
 
 
Figure 0-8 - Asphaltene adsorption on sand (diamonds - plain; triangles - partially HA-coated; filled 
circles - fully HA-coated) (dashed lines were added to guide the eye). 
 
The highest adsorption of asphaltenes was observed on the plain sand surface. The adsorption 
was lower on the partially HA-coated sand surface and a further decrease in adsorption was 
observed on the fully (or nearly fully) HA-coated sand. It was previously shown by DS studies 
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(section 2.4) that the wettability of the naturally hydrophilic sand surface decreased when HA 
was present on the sand surface. Therefore, it was expected that the wettability will be lowered 
by the presence of HA on the sand surface and, as a result, asphaltene adsorption would be 
expected to increase with increasing HA coverage.  
 
Additionally, the adsorption of asphaltenes on HA-coated sand appeared to reach a plateau and 
then significantly decrease with increasing asphaltene concentration. This could be due to 
different physico-chemical processes taking over while the concentration of asphaltenes passed 
a certain threshold. This was observed for both types of HA-coated sands; however, the fall in 
asphaltene adsorption occurred at a lower asphaltene concentration on the fully HA-coated 
sand. This would suggest that the asphaltene preferential adsorption to sand surfaces over HA-
coated surfaces was further affected by some form of aggregate formation at higher 
concentrations, leading to the loss of sites used previously for the adsorption on HA. It appears 
that similar sites are responsible for association of asphaltene molecules with each other and 
with HA. That change in adsorption was observed at an asphaltene concentration of ca. 20 
mg/L, which was previously reported to be the point at which asphaltenes could start to form 
nanoaggregates (Andersen, 2009; Mullins, 2010). The formation of nanoaggregates was 
reported previously to be dependent not only on asphaltene concentration but also on solvent, 
presence of resins, pressure and temperature (Abdallah et al., 2007; Yarranton et al., 2000; 
Tanaka et al., 2004; Faus et al., 1984). The attractive forces that cause asphaltenes and resins 
to associate and asphaltene molecules to agglomerate had been shown to affect asphaltene-
surface interactions. Resins consist of intermediate polarity species similar to asphaltenes, but 
have reduced aromaticity and generally higher H/C ratio. Due to the fact that the loss of 
adsorption happened at lower concentrations of asphaltenes in the solution when the HA-sand 
surface coverage is higher (potentially complete), could suggest that HA adsorbed on the sand 
surface had some effect on asphaltene aggregation. Another possibility is that asphaltenes could 
have higher affinity for the sand surface which is lowered when sand is partially coated by HA 
because of the lower amount of HA-free sand surface and is nearly completely hindered when 
the sand surface is fully (or highly) coated by HA.  
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4.3.7. Effect of HA and asphaltenes on mineral surface wettability 
In order to confirm whether the wettability of the sand surface changes with the HA presence, 
dielectric measurements were performed on the naturally hydrophilic sand, naturally 
hydrophilic sand extensively washed prior to the analysis (to remove potentially present 
impurities), hydrophobised sand, asphaltene-coated sand and HA coated sand.  
 
 
Figure 0-9 - Permittivity indicating wettability changes over the range of modified sand surfaces 
from the highest to the lowest permittivity: pure sand as-received (Sw), pure washed sand 
(S(washed)w), HA coated sand, S(HA)w asphaltene-coated sand (S(Asph)w) and hydrophobised 
sand S(hydrophob)w. 
 
The measurements of conductivity and permittivity that were previously reported to indicate 
wettability change of the sample, showed no significant difference between naturally 
hydrophilic sand (whether washed or unwashed) and HA-coated sand when measured against 
highly hydrophobic surfaces. This indicated the hydrophilic character of the sand surface in all 
those cases. The asphaltene-coated sand exhibited very similar behaviour to the hydrophobised 
sand at higher frequencies (Figure 0-9 and Figure 0-11).  
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Figure 0-10 - Conductivity indicating wettability changes over the range of modified sand surfaces: 
pure sand as-received, pure washed sand, HA-coated sand, asphaltene-coated sand and 
hydrophobised sand. 
On the expansion of the above figure, it can be seen that the presence of HA on the surface of 
the sand changed its wettability, making it slightly more hydrophobic (Figure 0-11).  
 
 
Figure 0-11 - Conductivity indicating minor wettability change for plain washed sand (triangles) 
S(washed)w and HA coated sand (dashes) S(HA)w. 
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4.3.8. Effect of HA in solution on asphaltenes and bitumen-coated sand 
Asphaltene-coated sand and bitumen-coated sand were placed in HA solutions to assess the 
effect of HA in the solution on asphaltene and bitumen surfaces. It was found that over time, 
HA made asphaltenes surface increasingly more hydrophobic. The measurements were done 
at regular time intervals for 36 hours and no significant effect on the surface wettability was 
noted after that time. These results indicate some form of HA interactions with asphaltene-
coated sand.  
 
Figure 0-12 - Adsorption of HA onto bitumen-coated sand over time (in water - dashes, in HA 
solution - diamonds, in HA solution after 1 hr - squares, in HA solution after 12 hrs - triangles). 
 
The experiment described in section 4.3.7 was repeated using bitumen-coated sand as opposed 
to asphaltene-coated sand and a similar wettability change was observed (Figure 0-12). A UV-
Vis analysis was done in order to assess whether absorption of HA out of solution can be 
observed; however, the results were inconclusive. It is uncertain at this stage what interactions 
occur between the involved surfaces.  
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4.4. Conclusions and future work 
 
HA solutions have been shown to be only weakly active at the water-air interface. However, 
adsorption on sand and clay surfaces appeared to be significant. Changes in some solution 
properties were evident at a concentration of ca. 50 mg/L for two of the systems studied, which 
suggested the HA particles form aggregates in water. Although aggregation is likely to 
influence the surface activity, the significance of this process in crude oil recovery is not clear 
at this point.  
 
The formation of HA-cationic surfactant complexes confirmed the negatively-charged nature 
of the HA in water and its potential susceptibility to precipitation. Complexation between HA 
and positively-charged species may also be significant for interactions with, e.g., positively-
charged sites in clays and other minerals, as well as with cations in oilfield waters. The 
adsorption studies proved the affinity of HA for the surfaces of both sand and kaolinite clay. 
However, the clay was shown to be the key component responsible for the interactions with 
HA present in water, mainly due to the significantly larger surface area. Adsorption of HA to 
the mineral surface proved to be limited, possibly restricted to monolayer formation. 
 
No significant effect of the presence of pre-adsorbed HA on kaolinite clay particles on 
asphaltene adsorption was observed during this study. However, the adsorption of asphaltenes 
was affected significantly by the presence of HA on the sand surface.  
 
To summarise, this study showed that HA aggregates in aqueous solution, adsorb onto mineral 
surfaces and can be surface active under certain conditions. Properties such as these could 
affect heavy oil recovery and processing. In order to follow up on these findings, further studies 
would be useful to elucidate fully HA-mineral interactions, together with conditions affecting 
the ability of HA to become surface active and the influence of salinity on these processes.  
 
Future work could therefore involve researching effects of salinity on the adsorption of HA on 
the surface of the inorganic solids present in oil sands. Additionally, it could involve studying 
adsorption of HA obtained from oil sand ores (as opposed to the commercial HA). Finally, it 
could involve identifying the effect of HA on the stabilisation of emulsions using artificial oil 
sand samples prepared from deionised water, clay/sand and bitumen.  
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Chapter	5	HA	in	solution:	surface	activity	and	colloidal	
behaviour		
5.1. Introduction 
5.1.1. Background 
The main objective of this part of the study was to assess the behaviour of HA in an aqueous 
solution. The research involved solubility studies, assessment of potential aggregation 
mechanisms, surfactant and colloidal properties. Colloid and interfacial properties were probed 
through conductivity, surface tension and zeta potential measurements.  
5.1.2. Key relevant findings 
 
5.1.2.1. HA as a surface-active compound 
Unique properties of HA have been studied mostly in the environmental sciences as it is known 
to interact with metals and minerals in the natural environment, allowing transport of nutrients 
and removing toxins (Simpson et al., 2006, Kang & Xing, 2007). The presence of HA in oil 
sands were identified some time ago (Majid & Ripmeester, 1990; Kotlyar et al., 1985); 
however, its structural and behavioural complexities have always proved very difficult to 
identify its interactions with components of the ore. This part of the research focuses on the 
behaviour of HA in aqueous solution.  
 
HA has been reported to have intrinsic surfactant-like tendencies, e.g. reducing the surface 
tension of aqueous solutions (Wandruszka, 2000; Guetzloff & Rice, 1994; Chilom et al., 2009; 
Young & Wandruszka, 2001) and solubilising organic molecules in colloidal aggregates (Yates 
et al., 1997). Many research groups refer to HA as a natural surfactant, suggesting that it is 
surface active through various mechanisms, which occur in nature (e.g. Salati et al., 2011). It 
has also been reported that the maximum depression of the surface tension of the aqueous 
solution occurs between 10 – 30 mg/L HA solution (Visser, 1982).  
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5.1.2.2. HA-clay colloidal dispersions  
The study by Visser and Caillier (1988) showed that HA was “normally considered as an 
aggregating agent” and at certain concentrations acts like a dispersant. The study compares 
dispersants such as Calgon and hexamethyl phosphate (HMP) compared to pure water and HA 
solution. It was shown that with increasing HA concentration, the dispersing abilities of HA 
increase up to 40 mg/L. At this concentration the dispersing abilities of HA for the fine clays 
were 140´ higher than for HMP and 8´ higher than for Calgon. For the coarse clay, HA solution 
at the same concentration was 1.2´ more effective than either of tested dispersing agents. At 
higher concentrations of HA, the dispersing abilities were gradually lower and at 100 mg/L or 
above, flocculation occurred.  
 
An efficient dispersion of the clay was reported from the 25 mg/L HA solution. Dong et al. 
(1983) also reported that for clays rich in organic matter (3.4 – 4.4%), the aggregation 
dominated and when the concentration of organic matter was lower (0.5 – 2.5%) the particles 
were well dispersed.  
 
It has also been reported that most large organic molecules in aqueous solution exist in their 
most extended forms in the solutions of up to 100 mg/L. At higher concentrations organic 
molecules start to form bridges between the particles of clay resulting in 
aggregation/flocculation to occur (Visser, 1982). 
 
5.1.3. The present study 
This part of the study explored HA behaviour in aqueous solutions, solubility of HA and its 
sodium salt representative were investigated. The effect of pH change, particle size, 
temperature change and salinity on a solubility was analysed. The effect of concentration and 
presence of mono- and divalent ions and surfactants on surface tension and stability of HA in 
the solution was studied to assess its colloidal behaviour. Stability of HA and NaHA in the 
aqueous solution was analysed. Finally, an effect of various HA solution concentrations on the 
stability of aqueous clay dispersions as well as clay particles compaction abilities were 
investigated.   
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5.2. Experimental Section 
5.2.1. Materials 
All reagents, including HA and the corresponding sodium salt (NaHA), the inorganic salts 
NaCl, CaCl2×2H2O and LaCl3×7H2O, and surfactant cetyltrimethylammonium bromide (CTAB) 
were the highest purity grades available from Sigma-Aldrich, UK and were used as received. 
Deionised type I water from a Millipore Direct-Q system (resistivity 18.2 MΩ.cm) was used 
for the sample preparation. Standard solids used included quartz sand (obtained from Sigma-
Aldrich) and kaolinite clay (KGa-1 from The Clay Repository, West Lafayette, IN, USA).  
 
5.2.2. Methods 
5.2.2.1. Sample preparation - preparation of NaHA solutions 
The NaHA (50 – 15,000 mg/L) solutions were prepared by agitating the appropriate quantities 
of dry solids in deionised water aided by an orbital shaker at ambient temperature. In order to 
obtain the desired NaHA concentrations, the exact weighed amounts of NaHA was dissolved 
in deionised water.  
 
5.2.2.2. Sample preparation - preparation of HA solutions 
The highest concentration of HA (1320 mg/L) solution was prepared by adding solids into 
deionised water and mixing them with an orbital shaker at ambient temperature. It was 
discovered that only a proportion of the HA was soluble in water and it was consistent 
regardless of the agitation time (4 – 48 h). The concentration of the soluble fraction was found 
to be consistently dependent on the initial mass of HA used. The obtained solution was then 
filtered to remove undissolved solid (referred to as “insoluble 1” or I1). The soluble fraction 
(“soluble 1” or S1) was dried and the concentrations were determined gravimetrically.  
 
Undissolved fraction I1, was added into fresh deionised water, what resulted in further, but also 
incomplete, dissolution. Again, the undissolved solid (referred to as “insoluble 2” or I2) was 
removed by filtration leaving behind a filtrate containing the second soluble component 
(“soluble 2” or S2). This procedure is shown in Figure 0-1. The corresponding “soluble” 
components (S1 and S2) were recovered by carefully drying aliquots of the respective solutions 
in preparation for further analysis.  
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A range of HA solutions (2.6 – 1320 mg/L) was obtained by the subsequent dilution of the 
stock HA solution, obtained during the process described above.  
 
Figure 0-1 - Sequence of HA dissolution in water to produce soluble (S1, S2) and insoluble (I1, I2) 
fractions. 
 
5.2.2.3. Zeta potential measurements 
Zeta potentials of S1 aqueous solutions (prepared by dilution of a stock solution as described 
in section 5.2.2.2 to produce solutions in the range 2.6 – 1320 mg/L) were determined using a 
ZetaMaster (Malvern Instruments, Malvern, UK) instrument within the range -200 mV to 200 
mV.  
5.2.2.4. Surface tension measurements 
Surface tensions of the aqueous solutions of NaHA and S1 were determined as a function of 
concentration by the du Noüy ring method with a Krüss K10 tensiometer (Krüss GmbH, 
Hamburg, Germany). The Pt-Ir ring was rinsed thoroughly with deionised water and flamed 
before making each measurement, which were made at least in triplicate. Measurements were 
made at ambient temperature (20 ± 2°C).  
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5.2.2.5. Effect of various parameters on HA dissolution – initial test 
Particle size & HA dissolution 
HA was ground thoroughly in order to study the influence of the particle size on the HA 
dissolution and two samples were produced (0.75 g each) using ground and non-ground 
material to be dissolved in water (100 mL).  
 
Temperature change & HA dissolution 
In order to study the influence of heating on the HA dissolution, HA samples (3x 0.13 g) were 
added to the water (100 mL) and solutions were prepared in three different temperatures 
(ambient, 50 and 80 °C). 
  
HA powder composition/source 
In order to study the influence of different HA samples, two different batches (1 g each) were 
added to water (100 mL) and prepared under the same conditions.  
 
Clay/sand suspension in HA/NaHA solution  
Sedimentation studies were indicative but not conclusive. The solutions of NaHA held 
dispersed clay and sand in suspension for much longer than water alone. Sedimentation of the 
sand occurred immediately after the sample was left to settle – throughout the entire NaHA 
solutions concentration range. Sedimentation of clay was noted immediately only from the 
water without any HA present and after few hours from the HA solutions. This indicated the 
presence of surface interactions between HA and clays in the suspensions.  
 
If HA interacts with a naturally hydrophilic surface of sand and clay, the extensive organic 
structure of HA adsorbed onto the solid should make its surface at least slightly more 
hydrophobic compared to its natural state. If that were the case, it would suggest that HA acts 
as surfactant, although this would need to be confirmed. Before more complex studies were 
performed; however, a series of tests was undertaken.  
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5.3. Results and Discussion 
5.3.1. Solubility and surface charge of HA 
A series of HA solutions were prepared by successive dilution of a 1320 mg/L stock solution 
(corresponding to the maximum concentration obtained from addition of HA powder (0.5 g) to 
deionised water (100 mL)), as shown in Table 0.1. All solutions were analysed in order to 
determine the influence of HA concentration on the particle behaviour in aqueous media.  
 
Table 0.1 - Specifications of the HA solutions prepared from the 0.5 g of the starting amount of HA 
powder and 100 mL of deionised water. 
No. HA Conc [mg/L] Zeta potential [mV] Conductivity [µS] Temperature [°C] pH 
1 1320.0 -24.4 919.0 21.5 6.38 
2 660.0 -19.8 486.0 20.9 6.13 
3 330.0 -24.5 258.0 21.0 6.13 
4 165.0 -21.0 135.8 21.1 6.09 
5 82.5 -32.3 73.8 21.2 6.11 
6 41.3 -15.5 45.4 20.7 6.42 
7 20.6 -8.3 26.4 20.6 6.41 
8 10.3 -11.9 15.6 21.0 6.67 
9 5.2 -3.4 10.4 21.2 6.70 
10 2.6 -2.1 7.6 21.2 6.90 
 
Figure 0-2 below shows the zeta potential behaviour of HA solutions in the concentration range 
2.6 – 1320 mg/L, from which exclusively negative values are evident.  
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Figure 0-2 - Zeta potentials of HA solutions as a function of HA concentration. The line was added 
to guide the eye. 
 
Zeta potential increased in its absolute value with the increase of HA concentration throughout 
the entire range. The change in zeta potential was more dramatic at lower concentrations, with 
the values reaching a plateau at higher concentrations. The change between those two trends 
of the behaviour of the system was observed at HA concentration ca. 50 mg/L (Figure 0-3). 
Some change in behaviour around that concentration (ca. 50 mg/L) was also noted by 
Tarasevich et al. (2013), who reported deviations from the Beer-Lambert-Bouguer law (in 
alkaline media), explaining it by the possible increase in the repulsion between negatively-
charged carboxyl and hydroxyl groups. 
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Figure 0-3 - Zeta potential values for the aqueous dispersions of HA at the lower concentration 
range 2.6 - 300 mg/L. The lines were added to guide the eye. 
Zeta potential is a measurement of the electrical potential at the slipping plane of the electrical 
double layer (EDL). As it expresses the difference between a potential of the dispersed medium 
and the dispersant (liquid) to some extent, it is a good way of assessing colloid stability. Zeta 
potential data provide information on the degree of repulsion between the adjacent particles in 
dispersion. Generally, higher absolute zeta potential values indicate higher stability of the 
dispersion. At such conditions, particles resist aggregation. On the other hand, at lower absolute 
zeta potential values, van der Waals attraction between the particles exceeds the repulsion, and 
the dispersion becomes unstable. In such conditions, particles are starting to aggregate, 
dispersions break and flocculation occurs.  
 
The measured zeta potential values are seen to lie between -20 and -30 mV at higher 
concentrations (80 – 1320 mg/L), suggesting moderate stability of the dispersion. At lower 
concentrations, the zeta potentials are reduced to ca. -2 mV (at 2.6 mg/L).  
 
Assuming that HA solutions are colloidal, it would not be unreasonable to suspect that the 
stability was induced by the electrostatic repulsive interactions (Ghosh et al., 2010). 
Interestingly, flocculation is not observed, even at very low zeta potential values, when HA 
solutions are obtained by the dilution of higher concentration solution. This was not true for 
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the solutions obtained using the stoichiometric amounts of HA and water. This could be due to 
the fact that when large quantities of HA were used, the electrical repulsion between the 
particles led to the formation of stable colloid. When the colloid was further diluted, the 
stability was not lost. However, when lower amounts of HA were used, the electrical repulsion 
was not strong enough to form stable colloidal solutions in the first instance.  
 
The range of concentration of HA solutions was only possible to obtain by the initial production 
of a high concentration of HA and its subsequent dilution. It was not possible to dissolve HA 
in the aqueous medium by the addition of stoichiometric amounts of powder, as it remained 
undissolved. From the examples studied (0.3, 0.5, 1 and 1.5 g HA starting amount per 100 mL 
of water), it appears that the larger the amount of HA initially added to water, the higher is the 
maximum concentration obtained. However, no significant difference in zeta potentials of the 
produced solutions was noted when different initial amounts of HA was used for preparation 
(e.g. 0.5 and 1 g starting amount per 100 mL of water); in both cases the results showed 
increased colloidal stability with the increase of HA concentration (Figure 0-4).  
 
 
Figure 0-4 - Zeta potential for two series of HA aqueous solutions - one prepared from addition of 
0.5 g to 100 mL of water and removing the undissolved solid (empty circles) and another by 
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addition of 1 g to 100 mL of water and removing undissolved solid (filled circles). The line was 
added to guide the eye. 
 
Tarasevich et al. (2012) reported that HA in aqueous solution exists as individual molecules, 
whereas at the concentrations higher than 5 g/L forms supramolecular structures, and finally 
micelles at 8 g/L or above. Some authors claim that HA forms micelles, whereas others refer 
to the HA structures formed in the aqueous solutions as “pseudomicellar” (Young & Von 
Wandruszka, 2001). 
 
5.3.2. Conductivity and pH of HA solutions  
The pH values of the HA solutions remain between 6 and 7 (referred to as “near-neutral”) 
throughout the entire concentration range (Table 0.1). At lower concentrations (below 50 
mg/L), the pH shows a small, but steady decrease with increasing HA concentration, until at 
higher concentrations it reaches a constant value of approximately 6.1 (Figure 0-5). This trend 
in pH is consistent with the increasingly negative zeta potential, although the nature of any 
ionisation processes occurring is unclear at this stage. 
 
 
 
Figure 0-5 - Dependence of pH values on HA concentration. The lines were added to guide the eye. 
 
Increasing the HA concentration is seen in Figure 0-6 to result in an increased conductivity of 
the system. A critical point at ca. 50 mg/L is indicated by a change of the response of the 
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specific conductivity (conductivity/concentration) to the change of the concentration of HA in 
the aqueous solution. The change of the system was also observed at a similar concentration 
during the zeta potential measurements (Figure 0-3). The slope at high concentrations (above 
50 mg/L) suggests a lower ability to transport current than the larger slope at low concentrations 
(below 50 mg/L), as shown in Figure 0-7. 
 
 
Figure 0-6 - Dependence of conductivity on the change of HA concentration in the aqueous 
solution. The line was added to guide the eye. 
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Figure 0-7 - Dependence of the specific conductivity on the reciprocal HA concentration. The lines 
were added to guide the eye. 
 
The same trend was observed for the corresponding solutions prepared from NaHA. Such 
changes could indicate some form of aggregation of HA particles in the solution, when it 
reaches this specific concentration. Tarasevich (2013) also reported some change in the 
behaviour of HA in the solution around 50 mg/L by studying the change of extinction 
coefficient. The change was seen under alkaline conditions (pH = 11) but not at neutral or 
acidic pH (6 and 2.5, respectively). He also reported an increase of extinction coefficient and 
large drop of the surface tension at a HA concentration of around 8 g/L, explaining this 
phenomenon as an effect of the HA micelle formation.  
5.3.3. Effect of HA on surface tension of aqueous solutions 
The surface tension results did not indicate significant surface activity of HA in the aqueous 
solutions in the natural near-neutral pH (Figure 0-8). Interestingly, a slight but reproducible 
decrease in surface tension was observed for the HA (produced from 0.5 g of HA powder in 
100 mL of water) and NaHA at ca. 50 mg/L only, followed by an increase to the water value 
at higher concentrations.  
 
However, when the HA solution was prepared using 1 g of powder in 100 mL of water, the 
surface tension behaviour was different throughout the analysed concentration range. For this 
stock solution, surface tension results showed a decrease at ca. 10 mg/L and at ca. 1000 mg/L. 
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These differences could be due to different types of aggregation occurring when the solution 
was prepared from a higher amount of HA, or time-dependent changes, as the former two 
solutions were older (a few weeks) as opposed to being analysed immediately. This feature 
would be interesting to consider further in more detail; however, it is also clear that this 
particular type of HA is of low surface activity, and therefore the small variations were not 
explored further at this stage.  
 
Figure 0-8 - Surface tensions of HA solutions: 1 wt% (filled circles); 0.5 wt% (open circles); and 
NaHA solutions (triangles). The lines were added to guide the eye. 
 
Several studies have reported that aqueous HA solutions exhibit lower surface tension, and 
potentially acting as a natural surfactant (Aumann et al., 2010; Lee & Hildemann, 2013, 
Tarasevich et al., 2013). Lee and Hildeman (2013) reported a decrease in the surface tension 
only at high NaHA concentrations ca. 1 g/L (from 73 mN/m at 0.01 g/L to 67 mN/m at 1 g/L 
and further to 55 mN/m at 10 g/L). Ramirez-Coutino et al. (2013) reported that the surface 
tension change depends heavily on the HA source. The surface tension of one HA only 
decreased to ca. 65 mN/m (0.5 – 7 g/L), whereas others decreased to ca. 55 mN/m (1 – 7 g/L). 
Interestingly, Visser and Caillier (1988) reported a drop in the HA surface tension at relatively 
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low concentration compared to those reported previously (10 – 100 mg/L). They reported that 
up to this concentration range the HA and fulvic acid (FA) are present in their most extended 
conformations, suggesting that some form of aggregation may occur at this point. 
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The surface tension results did not indicate significant surface activity of HA in aqueous 
solutions in their natural, near-neutral pH (Figure 0-9) whether the solution was prepared from 
0.5 or 1 g of HA powder. The surface tension for those solutions was measured and the results 
oscillated around 65 – 70 mN/m for the concentrations between 2.6 – 2442 mg/L.  
 
 
Figure 0-9 - Surface tensions of HA solutions: 1 wt% (filled circles); 0.5 wt% (empty circles). 
 
In order to observe surface activity of HA at higher concentrations, the NaHA was used to 
prepare solutions between 0.01 – 20 g/L and surface tension measured at natural circumneutral 
pH (= 6 – 7) and alkaline pH (= 11), (Figure 5-10).  
 
When the solution was prepared using NaHA, the surface tension behaviour was similar (ca. 
70 mN/m) up to the concentration of 1 g/L for the circumneutral pH and a sudden drop was 
observed at that point reaching about 53 mN/m at 10 – 20 g/L. For the HA alkaline solution, 
the trend observed was similar and the sudden drop in surface tension was also observed about 
1 g/L. However, the surface tension was generally lower through the entire range, oscillating 
at about 60 mN/m up to the concentration of 1 g/L and decreasing to about 50 mN/m at higher 
concentrations (10 – 20 g/L).  
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Interestingly, Chilom et al. (2009) have shown that depending on the method used for 
extracting HA, its source, or even depending on the sample collected, the effect of 
concentration change on surface tension can vary significantly. These workers reported that 
some fractions lowered the surface tension of the solution significantly with concentration 
(from 65 to 45 mN/m), while others remained at around 70 mN/m throughout the entire 
measured concentration range (0.5 – 10 g/L). Although this study did not show significant and 
regular surface tension drop with the increase of HA concentration, Lee and Hildemann (2013) 
and Deelich et al. (2002) in their review article stressed that measurements using the du Noüy 
ring are very sensitive to measurement errors, caused even by extremely small ring 
deformations.  
 
According to some sources (Aumann et al., 2010; Lee & Hildemann, 2013), the surface tension 
of HA solutions decreases insignificantly with increase in concentration. The surface tension 
decrease reported was insignificant at the lower concentration range (10 – 100 mg/L) remaining 
around 72 mN/m, and much more drastic at higher concentrations (1 – 10 g/L) with a decrease 
from 70 to below 55 mN/m, which is similar to the behaviour of the systems analysed in this 
study (Figure 5-10).  
 
The influence of pH change on the surface activity of HA was reported by Terashima et al. 
(2004), who reported decreased surface tension at acidic pH (below pH = 6). The surface 
tension range was regularly dependent on the concentration of HA. For low concentrations of 
HA (4 mg/L) the surface tension was higher (65 – 70 mN/m) across the pH range, and for 
higher HA concentrations (214 mg/L) it was lower (45 – 50 mN/m). 
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Figure 5-10 - Surface tension of NaHA solutions at natural pH = 6 - 7 (empty circles) and elevated 
alkaline pH = 11 (filled circles). 
 
5.3.4. Effect of cationic surfactant CTAB on HA solutions 
In order to assess further the surface properties and the anionic character of HA in solution, its 
interactions with a cationic surfactant were studied. 
  
Addition of HA solution (1320 mg/L) to different concentrations (0.05 - 0.4%) of the cationic 
surfactant cetyltrimethylammonium bromide (CTAB) is seen in Figure 5-11 not to affect the 
surface tension of HA aqueous solutions throughout the concentration range studied. Since the 
surfactant solutions were micellar, this is unsurprising. 
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Figure 5-11 - Surface tension of CTAB solutions (filled circles) and HA /CTAB solutions (open 
circles), for constant HA concentration (1320 mg/L). The lines were added to guide the eye. 
 
However, the stability of HA in the solution was sensitive to the addition of CTAB in powder 
form, as shown in Figure 5-12. It is evident that a critical CTAB concentration is reached at 
which the HA flocculates and precipitates.  
 
 
Figure 5-12 - Solutions of HA (1320 mg/L) with CTAB, with % of CTAB indicated. 
  
No CTAB 0.05% CTAB 0.1% CTAB 0.2% CTAB 0.3% CTAB 0.4% CTAB 
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Visual assessment indicated good distribution of HA in the solution and the colloid proved to 
be moderately stable due to the repulsion between the negatively-charged HA. Thus, addition 
of the cationic surfactant in relatively low concentration (0.05 and 0.1%) did not affect the 
stability of the colloid significantly. However, increasing the CTAB concentration (to 0.2 wt%) 
resulted in the considerable flocculation of HA, which sedimented very rapidly. When the 
concentration of CTAB was increased further (0.3 and 0.4 wt%), the solution darkened again, 
indicating re-stabilisation of the colloid (presumably now as cationic particles). This process 
suggests that the addition of positively-charged cationic surfactant leads to the formation of its 
complex with negatively-charged HA particles. Formation of CTAB and HA complexes was 
reported previously by Subbiah and Mishra (2008).  
 
In order to quantify these findings and identify the concentration of CTAB and HA required 
for co-precipitation, and to check if only a saturated solution of HA flocculates, a set of HA 
solutions (172 – 1370 mg/L) was prepared by the dilution of the maximum concentration HA 
solution. The titration of each HA solution with CTAB solution (0.2%) resulted in different 
flocculation points for each mixture. The flocculation points obtained for each solution, show 
a linear dependency on the concentration of HA and CTAB (Figure 0-13). This finding not 
only confirms the negative nature of HA in solution (even if not originally in its sodium salt 
form), but it also indicates the formation of complexes between the negatively-charged HA and 
positively-charged cationic surfactant. The ability of HA to form a complex with positively-
charged species is also crucial in terms of its reactivity with positively-charged species present 
in oil sand reservoirs, e.g. certain surfaces of clays, metals and other positive ions.  
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Figure 0-13 - Flocculation of HA triggered by the presence of the cationic surfactant CTAB. 
 
5.3.5. HA stabilisation of clay dispersions in aqueous solutions 
A range of HA solutions (4 – 120 mg/L) was prepared in order to determine if there are visible 
differences in sedimentation of sand and kaolinite clay-sand mixture (12.4% kaolinite clay). 
Samples were prepared by mixing sand (1 g) and sand-clay mixture with a range of NaHA 
solutions (10 mL) of different concentrations (4 – 120 mg/L) which were left to sediment (for 
1 hour, 24 hours and 3 days). It was clear from this experiment that when HA was present in 
the clay/water mixture, the dispersion was stable and clay particles remained dispersed for 
many days, as opposed to the same clay/water mixture in the absence of HA in which clay 
sedimentation was complete within 1 hour (Figure 0-14). Visser and Caillier (1988) reported 
that at ca. 40 mg/L, humic substances have the best ability to disperse clays (efficient dispersion 
reported between 25 – 100 mg/L). Efficient dispersion was reported in this study between 4 – 
120 mg/L of NaHA concentration. Even at low concentration, the HA appeared to have a 
significant effect on clay stabilisation.  
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Figure 0-14 - NaHA solutions mixed with sand (left) and sand/clay mixture (right) with the 
following solutions: a) water; b) 4 mg/L NaHA; c) 20 mg/L NaHA; d) 40 mg/L NaHA; e) 100 mg/L 
NaHA; f) 120 mg/L NaHA. 
To build on these findings, a series of NaHA solutions was prepared (0.5 – 100 mg/L), shaken 
with kaolinite clay (3 g each) and the kinetics of the clay sedimentation was determined. The 
range of HA concentrations was tested and showed a significant effect of HA on the clay 
sedimentation mechanism even at very low concentrations. At ca. 6.5 hours the plateau was 
reached for all tested concentrations (0.5 – 100 mg/L).  Majzik and Tombacz (2007) reported 
that in the absence of HA clay lamellae are aggregated in the edge-to-edge structure. Added 
HA particles coat the edges and effectively disperse clay particles. Although the study included 
montmorillonite clay and this study focused on kaolinite, the mechanism of clay particles 
stabilisation in the aqueous solution could be similar.  
 
Even at very low HA concentration (0.5 mg/L), the mechanism of the clay sedimentation 
differed significantly when compared to the water only. When placed in deionised water the 
clay sedimented almost completely within the first ten minutes, whereas no sediment was 
visible for other samples at that time. From this point, the volume of the clay sediment in water 
was only decreasing, as the clay particles were compacting, until they reached maximum 
compaction at ca. 6.5 hours. However, in the case of HA solutions, the first sediment was 
visible only after 30 minutes, and its volume was seen to increase over time, until it reached its 
maximum at ca 22.5 hours. Additionally, the final volume of clay sediment was different for 
water only (7.5 mL) and for HA solution (5.9 mL), for the same mass of the starting material 
clay (3 g). This indicates the different ways in which the clay aggregated. In the presence of 
HA, the clay sediment was much more compact, allowing less space between the particles, as 
seen in Figure 0-15. These different mechanisms could be caused by the HA forming bridges 
with clay particles, by trapping the clay particles in their network or by forming the complexes 
with metals present in the clay structure. This is opposed to the water only situation, when 
gravitational forces take the main part in sedimentation process. 
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Figure 0-15 - Kaolinite sedimentation in water and in HA solution. 
 
The study also showed that the more HA is in solution, the lower the final volume of the clay 
sediment (Figure 0-16). No significant difference was observed for the HA concentrations 
higher than 1.5 mg/L, which indicated that further addition of HA does not have any additional 
effect on the clay aggregation. The higher the concentration of HA in the solution, the lower 
was the volume of the final sediment (it was more compacted). HA present on the surface of 
the clay resulted in the higher compaction abilities of clay particles.  
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Figure 0-16 - Kaolinite sedimentation for different HA concentrations. 
 
The higher the HA concentration, the more time was required for the clay to reach the same 
volume of sedimentation (Figure 0-17). As an example, when 3 g of kaolinite clay was shaken 
with 100 mL solution, 1.5 hours was required to reach a precipitate volume of 4 mL for 0.5 
mg/L HA solution was used, 5 hours for double the HA concentration (1 mg/L), and 6.5 hours 
when 1.5 or 2 mg/L HA concentrations were used (Figure 0-18).  
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Figure 0-17 – Effect of HA concentration on kaolinite sedimentation.  
More time was required for the clay sediment to reach the same volume when the HA 
concentration was higher, indicating that HA slows down the aggregation process. Various 
reasons could be responsible for this, e.g. HA making aqueous solution denser due to its 
colloidal nature and trapping the clay particles in their network or HA adsorbing on the clay 
particles, dispersing and stabilising the suspension (Majzik & Tombacz, 2007). Those 
processes would increase the time for the particles to sediment and reach a certain volume by 
making particles less mobile and stable in dispersion.  
 
Figure 0-18 - Time for clay particles to reach 4 mL precipitate volume, as a function of HA 
concentration. 
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5.3.6. HA dissolution – initial study 
Interestingly, the higher the starting amount of HA in the solution, the higher the maximum 
concentration of saturated HA solution was obtained. When 0.5 g of HA was added to 100 mL 
of water, a maximum concentration of 1370 mg/L was obtained, whereas, when 1 g of HA was 
added to 100 mL of water, the concentration was 2442 mg/L. This is an unusual finding, as 
typically the maximum saturation of compound dissolved should not vary with the amount of 
starting material. In order to further investigate this phenomenon of HA solubility in the 
aqueous solution, the study was repeated adding other starting amounts (0.125, 0.25, 0.5, 1, 1.5 
and 2 g). As a result, the linear relationship shown in Figure 0-19 was found between the final 
concentration and the amount of starting material (and excess material) used. 
 
 
Figure 0-19 - Dependence of the final concentration of HA in water (after 45 hours) on the excess 
material. 
 
Plotting the actual concentration of the solutions obtained with the expected concentration 
(assuming that 100% of the material dissolves) a linear relationship is also obtained, as shown 
in Figure 0-19. The calculations using these data suggested that in every case, between 25 and 
35% of the initial HA is soluble. Explanations for the limited solubility could include only 30% 
of the HA being water soluble, an effect of particle size restricting dissolution (effective 
contactable surface area), or the dissolved HA hindering further dissolution. Further 
examination of these possible effects on HA dissolution involved investigating the effects of 
temperature, particle size, the use of different HA batches, and the influence of salinity and 
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surfactants. In fact, it was found that no difference in HA dissolution was observed upon 
heating, grinding (to reduce particle size) or when HA from a different batch was used (Figure 
0-20).  
 
Figure 0-20 - Effect of particle size, temperature and HA batch on dissolution in water. 
 
The solubility of HA was reported to depend on pH, ionic strength and potentially other factors 
by Shabhan & Mikulaj (1998). These workers reported conformation changes throughout the 
pH range for HA saturated solutions that expressed colloidal properties at the same time. In the 
presence of the anionic surfactant sodium dodecyl sulfate (SDS, 0.01 M), increased HA 
solubility was reported at pH below 5, but decreased above that pH. This was attributed to the 
fact that surfactants influence the conformation of polyelectrolytes “such as HA” (Shabhan & 
Mikulaj, 1997). Increased solubility at lower pH was attributed to increased electric charge. It 
was proposed that the decrease in HA solubility at higher pH could be caused by surfactant-
like properties of HA resulting in some form of molecular rearrangement (e.g. micelle 
formation). The HA solubility in this study was performed at its natural near-neutral pH (pH = 
6.5) and it was observed that addition of anionic surfactant (SDS) significantly decreased HA 
solubility. Interestingly, addition of non-ionic surfactant (Triton X-100) also decreased HA 
solubility.  
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A study by Gosh and Shnitzer (1980) showed the formation of HA “spherocolloids” at high 
concentration and low pH, and the presence of neutral electrolyte and formation of “flexible 
linear colloids” at lower HA concentrations, neutral pH and low ionic strength. Following the 
discovery of the unusual HA dissolution behaviour in water (which was studied extensively 
and the results are described in the section 6.3) an initial test was conducted to assess any effect 
of salinity or the presence of surfactants on that process of HA dissolution.  
 
 
 
Figure 0-21 - Effect of monovalent and divalent ions added as inorganic salts (NaCl and CaCl2) and 
anionic surfactants (Triton X-100 and SDS) on HA solubility.  
 
As expected, from the foregoing discussion and other literature observations, the presence of 
monovalent Na+ ions (NaCl) and divalent Ca2+ ions (CaCl2) reduced the solubility of HA in 
water. The higher the concentration of ions in the solution, the lower the final concentration of 
HA in the solution obtained. Interestingly, the addition of an anionic surfactant (SDS, which is 
also a salt) and non-ionic surfactant (Triton X-100) also hindered HA dissolution (Figure 0-21). 
Kipton et al. (1992) reported a decrease of HA solubility (in synthetic sea water) in the presence 
of divalent cations by 60% (0.01 mol/L Ca2+ and 0.053 mol/L Mg2+, over 21 hours). Brigante 
et al. (2007 & 2009) reported that the presence of Ca2+ decreases the dissolution rate of HA. 
They explained that by possible formation of bridges between or within HA molecules via Ca2+ 
ions or by blocking negatively-charged groups on HA by Ca2+ ions and therefore reduce 
electrostatic repulsion and promote aggregation. Kloster et al. (2013) that followed up on the 
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previous study with Brigante et al. (2007 & 2009) confirmed the aggregation rate of HA 
increases significantly with an increase of calcium ions in the solution. Majzik and Tombacz 
(2007) reported that addition of Ca2+ strengthens HA-clay (montmorillonite) suspensions in 
water. Added HA coats the edges of the clay particles and are further bridged by Ca2+, 
promoting dispersion.  
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5.4. Conclusions and future work 
This part of the study explored HA behaviour in aqueous solutions. It was found that the zeta 
potential values of HA solutions (2.6 – 1320 mg/L) were exclusively negative. The change in 
zeta potential was more dramatic at lower concentrations, with the values reaching a plateau at 
higher concentrations. The change between those two trends of the behaviour of the system 
was observed at HA concentration ca. 50 mg/L. Assuming that HA solutions are colloidal, it 
would not be unreasonable to suspect that the stability was induced by electrostatic repulsive 
interactions. The higher the starting amount of HA in solution, the higher the maximum 
concentration of saturated HA solution was obtained. It was found that the temperature change 
and particle size do not affect HA dissolution in water. Addition of monovalent and divalent 
ions decreased HA dissolution in water at its natural pH. Interestingly, addition of anionic 
surfactants also decreased HA dissolution.  
 
The stability of HA in solution was sensitive to the addition of cationic surfactant (CTAB). It 
was evident that a critical CTAB concentration is reached at which the HA flocculates and 
precipitates. This finding confirmed the negative nature of HA in solution, even if not originally 
in its sodium salt form. Flocculation of HA by addition of CTAB also indicated the formation 
of a complex between the negatively-charged HA and positively-charged cationic surfactant. 
Gamboa and Olea (2006) reported that HA (referred to as natural polyelectrolyte) forms 
micelle-like aggregates that reach a critical aggregate concentration (CAC) after the addition 
of low concentrations of cationic surfactant CTAB. It was reported that this is happening 
through interactions of the dissociated carboxylic acid groups on HA with CTAB, through 
neutralising.  
 
Addition of HA was shown to stabilise aqueous clay dispersions. The higher the HA 
concentration, the more stable the dispersions. The study also showed that the higher the HA 
concentration, the lower the final volume of the clay sediment. This was only true until certain 
HA concentration (1.5 mg/L) had been reached, which indicated that further addition of HA 
does not have any additional effect on the clay aggregation. Addition of HA to clay dispersions 
resulted in higher compaction abilities of clay particles.  
 
Interestingly, Ait Akbour et al. (2013) reported that retention of HA and its transport through 
porous media such as sand is strongly influenced by divalent cation affinity for HA and the 
ionic strength. The study showed that increase of ionic strength, increased the adsorption of 
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HA on the sand surface (and therefore decreased its transport through the sand. It is important 
to add that the sand in this study was positively-charged and the aqueous phase was maintained 
acidic (pH = 4). This area, therefore, should be explored in more detail through: 
• Researching further the effect of ions on physico-chemical properties of HA (ionic 
strength/valency/charge) in solution  
• Study of artificially prepared oil sands with the presence of HA and naturally occurring 
ions of varying valency   
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Chapter	6	HA	fractionation		
6.1. Introduction 
6.1.1. Background 
The study described in Chapter 5 indicated an unusual solubility behaviour of HA in aqueous 
solution. It was observed that HA was soluble in water in neutral pH only when it was added 
at relatively high quantities. It was also found that the HA excess (undissolved HA) dissolved 
again under certain circumstances. This phenomenon indicated some form of aggregation or 
fractionation of HA, which were studied in detail and the results were described in this chapter.  
6.1.2. Key relevant findings 
Humic substances are produced during the process of environmental decomposition of natural 
organic matter and therefore are present in soils, rivers and other aquifers. HA has been shown 
to exist as aggregates of colloidal size at sufficiently high concentration (Tarasevich et al., 
2013; Wandruszka, 2000).  
As discussed in previous chapters, on a molecular level, HA as a complex and evolving mixture 
is difficult to characterise. It is known to be (or to contain) polyelectrolytes, which interact 
strongly with certain cations to form insoluble complexes (Ishiguro et al., 2007; Christl & 
Kretzschmar, 2007), and has been shown to be active in removing metal contaminants from 
water (Koopal, 2004). Other studies have demonstrated an improved ability of humic 
substances over conventional surfactants, such as Triton X-100 or sodium dodecyl sulfate, to 
aid soil bioremediation through the removal of pollutants such as polyaromatic hydrocarbons, 
thiophenes, sulfones or biphenyls (Conte, 2005).  
The separation of humic substances has been the subject of a number of studies, as recently 
reviewed (Nebbioso & Piccolo, 2013). The analysis of different fractions has only served to 
highlight the molecular complexity of these substances, and detailed molecular structures still 
remain elusive. This may not be surprising based on the arguments that humic substances are 
more likely to be a “continuum of progressively decomposing organic compounds” rather than 
“inherently stable and chemically unique compounds” (Lehmann & Kleber, 2015).  
This part of the study focuses on the fractionation and colloidal properties of HA component 
of humic species. The majority of previous studies reported HA fractionation based on the 
chemical and molecular size differences. The recent procedure described by Chilom et al. 
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(2009) involved isolation of one lipid-like and two humic-like fractions using alkali- and 
solvent-based extractions. Conte et al. (2007) separated lignite HA into seven fractions varying 
in aromatic-aliphatic character, using preparative size exclusion chromatography. Powell and 
Town (1992) fractionated HA into different molecular size fractions using gel permeation 
chromatography combined with equilibrium dialysis. Carlsen et al. (1996) isolated six different 
molecular size fractions ranging from <1 kDa to <100,000 kDa from Aldrich HA using 
ultrafiltration. Similarly, Francioso et al. (2002) separated NaHA into six fractions ranging 
from 5–10 kDa to >300 kDa using tangential ultrafiltration.  
Pitois et al. (2008) reported commercial HA fractionation based on the ability to absorb on 
quartz sand surface. They found that adsorption of HA was a two-stage process, one stage 
occurring faster (ca. 3 h) than the other (ca. 45 h). The HA solutions remaining after each 
adsorption period were analysed using asymmetric flow-field flow fractionation coupled with 
UV/vis absorption spectrophotometry. The results showed that lower molecular weight 
components (<4,800 Da) adsorb first and higher molecular weight components (1,400–9,200 
Da) after.  
HA was previously reported to form supramolecular assemblies of smaller heterogeneous 
molecules that are held together by hydrophobic interactions and hydrogen bonding (Piccolo, 
2001; Sutton & Sposito, 2005). As described in more detail in Chapter 1 and Chapter 3, humic 
substances composition was found to vary from source-to-source source as they originate from 
the breakdown of plant and animal matter.  
This chapter presents the results from a study on a commercial HA sample, which has 
previously been the subject of several studies over the years (Piccolo & Stevenson, 1982; 
Guetzloff & Rice, 1994; Koopal et al., 2004; Ishiguro et al., 2007; Tarasevich et al., 2013). 
The key finding was that it is possible to isolate HA fractions based on differential solubility 
in deionised water without the need to adjust the pH. Klucáková and Pekar (2005 & 2008) have 
previously noted different solubility characteristics of solid HA, which on the basis of its pH-
concentration behaviour is considered similar to the product used in this study. This group 
proposed a dissolution mechanism in water with and without acid dissociation. The present 
study also investigated further the nature of the solubility of fractions produced.   
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6.2. Experimental Section 
6.2.1. Materials 
Reagents including HA, NaHA, the inorganic salts NaCl, CaCl2×2H2O, LaCl3×7H2O, and 
surfactants including cetyltrimethylammonium bromide (CTAB), were the highest purity 
grades available from Sigma-Aldrich, UK and were used as received. Deionised type I water 
from a Millipore Direct-Q system (resistivity 18.2 MΩ.cm) was used for the sample 
preparation. Standard solids used included sand quartz obtained from Sigma-Aldrich, UK and 
kaolinite clay (KGa-1) from The Clay Repository, West Lafayette, IN, USA.  
 
6.2.2. Methods 
6.2.2.1. Sample preparation - preparation of HA and NaHA solutions 
The highest concentration of HA (1320 mg/L) solution was prepared by adding solids into 
deionised water and mixing them with an orbital shaker at ambient temperature. It was 
discovered that only a proportion of the HA was soluble in water and it was consistent 
regardless of the agitation time (4 – 48 h). The concentration of the soluble fraction was found 
to be consistently dependent on the initial mass of HA used. The obtained solution was then 
filtered to remove undissolved solid (referred to as “insoluble 1” or I1). The soluble fraction 
(“soluble 1” or S1) was dried and the concentrations were determined gravimetrically.  
 
Undissolved fraction I1, was added into fresh deionised water, what resulted in further, but also 
incomplete, dissolution. Again, the undissolved solid (referred to as “insoluble 2” or I2) was 
removed by filtration leaving behind a filtrate containing the second soluble component 
(“soluble 2” or S2). This procedure is shown in  Figure 0-1. The corresponding “soluble” 
components (S1 and S2) were recovered by carefully drying aliquots of the respective solutions 
in preparation for further analysis.  
A range of HA solutions (2.6 – 1320 mg/L) was obtained by the subsequent dilution of the 
stock HA solution, obtained during the process described above.  
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 Figure 0-1 – Sequence of HA dissolution in water to produce soluble (S1, S2) and insoluble (I1, I2) 
fractions. 
 
6.2.2.2. Characterisation methods - Colloidal and solution analysis  
Zeta potential measurements 
Zeta potentials of S1 aqueous solutions (2.6–1320 mg/L) were determined using a ZetaMaster 
(Malvern Instruments, Malvern, UK) over the potential range of -200 mV to 200 mV. The 
modulator frequency for this symmetric potential range was 1000 Hz and the correlator sample 
time was 100 µs.  
Surface tension 
Surface tensions of the aqueous solutions of NaHA and S1 were determined as a function of 
concentration by the du Noüy ring method with a Krüss K10 tensiometer (Krüss GmbH, 
Hamburg, Germany). The Pt-Ir ring was rinsed thoroughly with deionised water and flamed 
before making each measurement, which were made at least in triplicate. Both sets of 
measurements were made at ambient temperature (20 ± 2°C).  
UV-Vis spectrophotometry (UV-Vis) 
The effects of ionic strength and cation valency on the dissolution of HA, and the colloid 
stability of S1, were analysed spectrophotometrically (Thermo-Scientific Evolution 2000 UV–
Vis spectrophotometer). HA was added to NaCl, CaCl2 and LaCl3 solutions and agitated using 
an orbital shaker (4 h; 200 rpm). After filtration (Whatman #1 filter paper), the absorbance at 
450 nm of each solution was compared with the corresponding value for a HA dissolved in 
deionised water.  
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For the colloid stability measurements, a stock S1 solution (620 mg/L) was mixed with equal 
volumes (2.5 mL) of known concentrations of inorganic salt solutions and agitated using an 
orbital shaker (4 h, 200 rpm). Precipitate was removed by centrifugation (10 min, 5000 rpm), 
and the S1 concentrations established by comparing corresponding absorbance values at 450 
nm with standard solutions (310 mg/L).  
6.2.2.3. Characterisation methods - Solid-state analysis  
Thermogravimetric analysis (TGA) 
TGA was conducted using a TA Instruments Q500 TGA analyser. Powdered samples (ca. 5 
mg) were placed in a shallow platinum crucible and heated in static air at a rate of 10 K/min 
from an ambient temperature to 950 °C. The results are expressed as thermogravimetric (TG) 
and first derivative (DTG) plots.  
CHN elemental analysis (CHN) 
CHN analysis of the HA extracted from natural oil sand samples obtained from Athabasca oil 
sands and provided by BP Canada, as well as standard HA and NaHA obtained from Sigma-
Aldrich were determined by combustion analysis using an Exeter Analytical CE440 elemental 
analyser.  
Fourier Transform Infrared spectroscopy (FTIR) 
IR spectra were acquired using a Bruker Alpha FTIR spectrometer with an Attenuated Total 
Reflectance (ATR) attachment. IR spectroscopy is based on passing IR radiation (4000 – 400 
cm-1) through a sample and measuring the percentage of radiation absorbed at each wavelength. 
Absorption of radiation at specific wavelengths corresponds to bond vibrations present within 
the sample.  
 
Solid-state 13C Multiple cross-polarisation magic angle spinning CPMAS NMR spectroscopy 
(13C CPMAS NMR) 
Solid-state NMR experiments were conducted on HA, NaHA, S and I samples at the former 
EPSRC National Solid-State NMR Service facility at the University of Durham. The 13C 
CPMAS spectra (Johnson & Schmidt-Rohr, 2014) were obtained at 100.56 MHz at ambient 
probe temperature using a Varian VNMRS spectrometer based on a 9.4 T Oxford Instruments 
superconducting magnet.  
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Atomic Force Microscopy (AFM)  
Imaging of mica surfaces containing bitumen coated sand (HA coated, either naturally 
hydrophilic and hydrophobised) and HA fraction S1 by atomic force microscopy (AFM) were 
obtained under ambient conditions in air using a Bruker Innova atomic force microscope in 
tapping mode using 256 scan lines and a scan rate of 4 Hz. The images were processed using 
Bruker NanoScope software, which was used primarily to level the images.  
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6.3. Results and discussion 
6.3.1. Aqueous fractionation of HA  
The dissolution behaviour of the commercial HA powder was found to be very different from 
that of NaHA. Aqueous NaHA solutions were prepared simply by mixing stoichiometric 
amounts of powder with deionised water. On the other hand, HA did not dissolve in water very 
well and only small amounts were found to dissolve. As previously also found by Klucáková 
and Pekar (2005 & 2008), HA was only partially soluble in water under natural near-neutral 
pH conditions. During this study it was found that increasing the initial quantities of HA 
powder produced proportionately more concentrated solutions, and even after prolonged 
agitation (ca. 48 h) the mixtures contained undissolved (organic and inorganic) components.  
As an example, the addition of HA powder (0.125 g) to deionised water (100 mL) at ambient 
temperature consistently produced a concentration of 0.39 ± 0.03 g/L in solution, suggesting 
that ca. 30% of HA was soluble (S1) under these conditions. The concentration increased to 
0.50 g/L and 0.54 g/L at 50 °C and 80 °C, respectively. Increasing the initial amount of HA 
added to the water in ambient temperature, linearly increased the concentration of obtained 
solutions (S1) as shown in the Figure 0-2. The pH of HA solutions remained neutral to slightly 
acidic, which was also reported by Klucáková and Pekar (2008). During the experiment where 
HA (2 g) was suspended in deionised water (100 mL), the pH of the solution decreased slightly 
from 6.11 to 6.02 over time (4 h), while for an initial suspension of HA (6 g) in deionised water 
(100 mL), the pH remained at 5.74 throughout. The removal of excess undissolved solid (I1,  
Figure 0-1) by centrifugation and filtration allowed obtaining relatively high concentration of 
S1 solution.  
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Figure 0-2 - Dissolution of HA powder in deionised water to produce S1 in solution leaving 
insoluble I1 (concentrations labelled a and b are relevant to AFM analysis described further in 
text).  
 
The data in Figure 0-2 shows linear increase in the S1 concentration as a function of the initially 
suspended HA, which indicates a limiting solubility for the HA components (S1) under these 
conditions. The solubility behaviour indicated different compositional properties of the soluble 
and insoluble fractions and raised question whether soluble fraction of HA exists in dissolved 
state or in colloidal suspension.  
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Figure 0-3 - Plot showing the solubility of excess powder I1 in deionised water to yield S2. 
 
The insoluble HA fraction I1 ( Figure 0-1) was also found to partially dissolve when further 
added to deionised water. Similarly, to the first experiment described above, ca. 30% of the I1 
dissolved, yielding second soluble fraction S2. Filtration also produced another insoluble 
fraction (I2). The S2 concentrations plotted against the original suspended I1 (Figure 0-3) 
showed that dissolution is generally lower than for HA (as seen in Figure 0-2). This selective 
dissolution process indicates different physico-chemical properties of the fractions obtained at 
each dissolution step.  
6.3.2. HA fractions characterisation 
Thermogravimetric analysis (TGA) was previously reported to be a good technique for HA and 
other humic substances characterisation (Duarte & Duarte, 2008; Esteves & Duarte, 1999). 
Duarte and Duarte (2008) reported decomposition pattern of Suwannee River HA, which 
showed a small mass loss in the region of 300 – 400 °C followed by a larger mass loss between 
450 and 550 °C. Mass loss below 400 °C is typically a result of decomposition of oxygen-
containing functional groups, whereas the mass loss above 400 °C relates the aromatic content 
(Duarte & Duarte, 2008).  
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In this study, TGA in air has been performed on HA and the fractions S1, S2, I1 and I2. TG 
and DTG profiles (Figure 0-4 and Figure 0-5 respectively) showed similarity between the two 
soluble fractions (S1 and S2), as well as between the two insoluble fractions (I1 and I2). 
However, the respective characteristics of soluble and insoluble fractions appeared distinctly 
different. The mass loss for the HA sample can be seen in between of the two extreme profiles 
of insoluble and soluble fractions.  
 
Figure 0-4 - TG profile obtained in air for HA and solubility fractions S1, S2, I1 and I2. 
 
All the samples show ca. 10 – 15% mass loss below ca. 300 °C, most probably a result of 
dehydration. Thermal degradation first appeared as a small peak in the derivative plots at ca. 
300 – 325 °C for HA, I1 and I2 fractions, each amounting to ca. 10% mass loss. The main 
degradation peaks for I1 and I2 follow at 423 and 390 °C, respectively, compared with 555 °C 
for HA. The widths of these peaks decrease in the order HA > I1 > I2, which may reflect 
decreasing heterogeneity of the sample.  
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Figure 0-5 - DTG profile obtained in air for HA and the solubility fractions S1, S2, I1 and I2. 
 
Degradation of S1 and S2 showed much higher thermal stability of those compounds, when 
compared to the I1 and I2. Profiles of S1 and S2 fractions showed steady mass loss of ca. 15% 
that occurred up to 600 °C. This was followed by the most significant mass loss (ca. 45%) 
between 600 and 900 °C. Within this major mass loss, two main degradation peaks can be seen, 
at 784 and 890 °C for S1, and 754 and 832 °C for S2, indicative of char formation from aromatic 
structures.  
TGA of HA, I1 and I2 each resulted in ca. 25 – 33% of the residue, whereas the corresponding 
ash from S1 and S2 were found to be approximately half of these values (Table 0.1). A 
comparison of the DTG profiles in Figure 0-5 reveals that the original HA contains minor 
contributions from each of the individual fractions. A broad peak at ca. 800 °C is an indication 
of the soluble fractions, whereas the insoluble fractions can be seen in the temperature region 
of HA plot up to ca. 550 °C. Interestingly, the profiles of the respective fractions are not 
reflected in the one of HA. By considering the TG/DTG profiles for the HA/S1 and I1/S2 
solubility pairs, it appears that char formation in the soluble fractions (S1 and S2) is suppressed 
by the presence of the respective insoluble fractions (I1 and I2 respectively), e.g. mass loss 
from HA at above 600 °C is 5.8% whereas from S1 it is 50.3%, even though, according to the 
initial experiments, HA contains ca. 30% of S1.  
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Table 0.1 - Microanalytical and TGA residue data and calculated atomic ratios for HA and its 
fractions (a – O% calculated by difference, including residue content; b – supplier’s data (batch 1 
Lot BCBG7429V & batch 2 Lot BCBK5107V; c – from Malcolm & MacCarthy (1986) for an earlier 
product dating 1974). 
HA sample C (wt%) H (wt%) N (wt%) C/H atomic 
ratio 
O/C atomic 
ratioa 
TGA 
residue (%) 
HA batch 1b 40.33 3.69 0.80 1.10 0.40 33.90 
HA batch 2b 42.75 3.61 0.88 1.01 (1.06)c 0.47 25.90 
S1 30.50 1.64 <0.30 0.61 1.28 12.70 
S2 36.90 2.20 <0.30 0.72 0.91 16.10 
I1 40.50 2.90 <0.30 0.86 0.58 25.50 
I2 41.80 3.03 <0.30 0.86 0.55 24.40 
 
The CHN analysis results (Table 0.1) also indicated that higher TGA residues correspond to 
higher H/C atomic ratios. Based on that, it is likely that the residues contain different amounts 
of ash originating from the original HA, which would remain in the insoluble fractions. The 
residues obtained from HA, I1 and I2 were found to be similar to each other (Figure 0-4, Figure 
0-5 and Table 0.1) much higher than those from the corresponding S1 and S2 samples. The 
O/C atomic ratios, estimated by taking residue levels into account, also revealed significant 
polarity differences between the soluble and insoluble fractions. The S1 fraction was found to 
have higher relative oxygen content than S2, and more than double that of the insoluble 
fractions.  
 
FTIR analysis also revealed differences in oxygen content between the analysed samples 
(Figure 0-6 and Appendix 9). Based on Stevenson and Goh’s (1971) classification, HA and its 
fractions are characteristic of a “type III” HA, indicating a relatively young decomposition 
product. It was found that the main IR bands are consistent with those reported previously, and 
subsequent assignments were made by comparison with those in the literature (Conte et al., 
2007; Stevenson & Goh, 1971; Mafra et al., 2007; Polak et al., 2011; Tatzber et al., 2007; 
Piccolo & Stevenson, 1982). 
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Figure 0-6 - ATR-IR spectra of original HA and its soluble (S1 & S2) and insoluble (I1 & I2) fractions.  
 
All HA samples’ spectra were found to contain broad bands at 3207–3356 cm-1 attributable O-
H stretches present in free and dimeric carboxylic groups, as well as relatively small aliphatic 
C-H stretching bands in the region of 2851 and 2921 cm-1 (Stevenson & Goh, 1971). The 
spectra in Appendix 8 for HA and NaHA illustrate these characteristics very well with the 
bands differing only in their relative intensities.  
The spectra of I1, I2 and S1, S2 fractions in the lower wavenumber region are indicative of 
differences in chemical structure and composition. HA and all the fractions show two distinct 
absorption bands centred on 1021 cm-1, although these are more distinctive in HA, I1 and I2 
compared with S1 and S2 (Figure 0-6). These bands the 900–1100 cm-1 region have previously 
been assigned to a C=O stretching vibrations in polysaccharides or polysaccharide-like 
substances (Tatzber et al., 2007; Piccolo & Stevenson, 1982). As a Si-O stretching vibration 
absorption band would be present in the same region, it is possible that the number of these 
groups would be lower in the soluble fractions, what would be consistent with the above TGA 
results.  
The strong band at 1563 cm-1 with a very small shoulder at ca. 1700 cm-1 in HA, I1 and I2 
fractions (respectively assigned to C=C skeletal vibrations and C=O stretch) indicates a 
relatively small amount of carbonyl groups which had been seen previously in HA extracted 
from lignite (Conte et al., 2007), and also in a commercial HA sample from Fluka (Klucáková 
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& Pekar, 2008). It was previously reported that the intensity of this band is reduced by 
complexation with divalent ions (Cu2+, Ca2+, Pb2+) or salt formation with K+ (Piccolo & 
Stevenson, 1982). The strong 1366 cm-1 band was assigned to the symmetric C=O stretch of 
carboxylic acid groups and C-OH stretch of phenolic groups and is slightly stronger in the 
soluble fractions S1 and S2. A broad, lower intensity shoulder at ca. 1250 cm-1 was previously 
assigned to the C-O stretch of esters, ethers and phenols in the HA structure (Tsang et al., 
2009). It appears from these results that part of the supramolecular structure of HA dissolved 
to generate the soluble fractions S1 and S2.  
In the low wavenumber region of the spectra, a band at 531 cm-1, representative of Si-O-Si 
bending vibrations, can be seen in the spectra of original HA, I1 and I2, but it is absent in the 
spectra of S1 and S2. This band is accompanied by Si-O stretching vibrations at 1030 cm-1 
(Innocenzi, 2003). The substantial loss of those peaks in S1 and S2 indicates that siliceous 
mineral matter is likely to accumulate in the I1 and I2 fractions. 
Peaks in solid-state 13C CPMAS NMR spectra (Appendix 10) were assigned based on the 
literature (Johnson & Schmidt-Rohr, 2014; Fuentes et al., 2007; Monteil-Rivera, 2000) and can 
be found in the Table 0.2. 
Table 0.2 - Assignment of peaks in solid-state 13C CPMAS NMR spectra of HA. 
Region 0–45 ppm 45–110 ppm 110–140 ppm 140–160 ppm 160–220 ppm 
Composition 
 
  
alkyl C O-alkyl olefinic or H- 
or alkyl-
substituted 
aromatic C 
O- or N- 
substituted 
aromatic 
(mainly 
phenolic) C 
carbonyl C 
 
All the spectra (Appendix 10) show three main regions, corresponding to aliphatic, aromatic 
and carbonyl groups, as reported previously in solution spectra by Majid and Ripmeester 
(1990). The peaks also agree with Aldrich HA samples studied by others (Malcolm & 
MacCarthy, 1986), even after considerable purification to remove insoluble organic and 
inorganic contaminants (Monteil-Rivera, 2000; Shin et al., 1999; Wall & Chopin, 2003). A 
sample of HA analysed by Fuentes et al. (2007) resulted in a spectrum almost devoid of 
aromatic signals, which was similar in appearance to the lipid-like HA fraction extracted by 
Chilom et al. (2009).  
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Table 0.3 - Compositional data, expressed as intensity ratios, from solid-state 13C CPMAS NMR 
spectra for HA and its fractions. 
Sample ICarbonyl/Total C IAromatic C/Aliphatic C IAromatic C/Total C 
HA 0.15 1.14 0.53 
S1 0.19 1.99 0.67 
S2 0.20 1.92 0.66 
I1 0.12 1.00 0.50 
I2 0.08 0.99 0.50 
 
Relative signal intensities were determined for the aliphatic, aromatic and carbonyl group 
regions (Table 0.3), from which it is evident that the structural components of soluble and 
insoluble fractions are similar, but their relative intensities vary. The aliphatic/aromatic ratio 
for the soluble fractions is twice as high as the one for the insoluble fractions. Similarly, for the 
respective carbonyl contents, which is consistent with the higher solubility of S1 and S2 in 
water. The aromatic content of the soluble fractions was found ca. 30% higher than of the 
insoluble fractions.  
6.3.3 Solution and colloidal properties of the S1 fraction  
The behaviour of humic substances in aqueous solution is highly dependent on the carboxylic 
and phenolic groups present in the structure, which define their acid-base characteristics (Von 
Wandruszka, 2000; Lehmann & Kleber, 2015; Nebbioso & Piccolo, 2013; Klucáková & Pekar, 
2005; Klucáková & Pekar, 2006; De Nobili et al., 1990). In the present study two water-soluble 
fractions have been separated by dissolution of HA in its natural near-neutral to slightly acidic 
pH (ca. 5.7–7), at which conditions, carboxylic acid groups could exist in the solution in the 
ionised form.  
The effect of S1 concentration in aqueous solution on zeta potential (ξ) is consistent with that 
of an anionic colloid. The ξ was found to increase in its absolute value with the increase of S1 
solution concentration (Figure 0-7), accompanied by the pH change from 6.9 to 6.1. At ca. 0.1 
g/L of S1 concentration ξ reached plateau of ca. |30| mV.  
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Figure 0-7 - Concentration dependence of the zeta potential for S1 solutions (line has been drawn 
to guide the eye). 
 
Surface tension measurements of S1 and NaHA (at pH 9.8 and 11) solutions at different 
concentrations are plotted in Figure 0-7. At ca. 3 g/L S1 showed a slight reduction in surface 
tension compared with the NaHA solutions for which the surface tension starts to decrease at 
ca. 0.3 g/L (pH 9.8) and ca. 0.02 g/L (pH 11). This suggests that surface activity may be related 
to the ionisation of the phenolic groups.  
The surface tension behaviour of HA aqueous solutions has been previously determined in 
several studies from which the results were variously interpreted in terms of micelle formation 
(Tarasevich et al., 2013; Guetzloff & Rice, 1994; Hayse & Tsubota, 1983; Terashima et al., 
2004), “pseudo-micelle” formation (explained as micelle-like aggregates, but without clear 
critical micelle concentrations) (Von Wandruszka, 2000; Engebredson & Von Wandruszka, 
1994), or other “non-micelle-like” HA aggregates forming at high concentrations (Piccolo & 
Smejkalova, 2008). The surface tension behaviour described by Terashima et al. (2004) was 
shown to be more dependent on HA concentration than on pH. The change of the surface 
tension at pH ca. 5.5 reported by these workers did not correspond to the apparent acid 
dissociation constant, which was interpreted as reflecting the heterogeneous nature of HA 
(Terashima et al., 2004; Fukushima et al., 1995). In fact, the data also suggested a very weak 
dependence on pH in the range 6–7 covered in the present study (Terashima et al., 2004).  
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Figure 0-8 - Concentration dependence of the surface tension for S1 solutions (open circles), NaHA 
at their natural pH (9.8) (filled circles), and NaHA at pH 11 (open triangles). The inset shows the 
comparison between surface tensions for S1 and S2 solutions. All lines have been drawn to guide 
the eye. 
A small drop in surface tension with the increase of the concentration of two isolated soluble 
fractions (S1 and S2) at their natural pH (ca. 6–7) are shown in the inset to Figure 0-8. Over 
the concentration range studied, S2 was found to exhibit slightly lower surface tensions than 
S1, as would be expected from the lower solubility of the former, possibly due to the presence 
of lipid-like groups. The partial solubility of HA consisting of lipid-like and humic-like 
fractions was previously reported by Klucáková and Pekar (2005 and 2008). A lipid-like 
fraction of HA was shown to have a lower surface tension in aqueous solution (Chilom & Rice, 
2009).  
6.3.4. Cation effects on HA dissolution and S1 precipitation behaviour  
The presence of mono-, di- and trivalent ions (added as metal chloride salts) was shown to 
affect HA dissolution and stability of S1 solution (Figure 0-9), which supported the anionic 
character of S1. The experiment showed that both properties are inhibited with the increase of 
cation concentrations. Powell and Town (1992) previously reported that HA solubility 
decreased with increase of ionic strength (by addition of KNO3 at 0.1 mol/L and 0.6 mol/L, 
Na4P2O7 at 0.1 mol/L and synthetic seawater). These workers also reported that the effect of 
KNO3 was much lower than that of Na4P2O7 when added at the same molar concentrations. 
The solubility of HA in seawater (excluding divalent ions) was reported to decrease by ca. 
30%. The addition of divalent ions such as Mg2+ (0.05 mol/L) and Ca2+ (0.1 mol/L) reduced 
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HA solubility by ca. 60%. The multivalent cations (Ca2+ and La3+) were found to be more 
effective than monovalent Na+ (Figure 0-9) in inhibiting HA dissolution. This is consistent with 
the previously reported preference of HA to complex with multivalent cations (Carlsen et al., 
1996).  
 
Figure 0-9 - The effect of inorganic salt concentration on the dissolution of S1 from HA. The lines 
are to guide the eye. 
 
 
The minimum ionic strengths above which HA dissolution was completely inhibited by the 
ions was identified as NaCl (ca. 1 mol/L) >> CaCl2 ≈ LaCl3 (ca. 0.03 mol/L). It is very likely 
that the process involves complexation of cations with the HA polyelectrolyte as well as the 
effects of the electrical double-layer, since the relative ionic strengths are not fully consistent 
with the expected 1/z6 dependence on cation charge (z) predicted by DLVO theory for critical 
flocculation or coagulation concentrations of colloids (Lyklema, 2014). These results indicate 
the importance of cation charge on dissolution of HA, through colloidal interactions and 
complexation, unlike the previous work by Powell and Town (1992). This finding is consistent 
with the anionic character of the HA species.  
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Figure 0-10 - The effect of inorganic salt concentration on the precipitation of S1 from aqueous 
solution. For both plots, the lines are to guide the eye. 
 
The stability of S1 solutions was shown to be similarly affected by the presence of the salts 
(Figure 0-9). The presence of the same three salts as above resulted in the reduction of S1 
solubility. Trivalen cation (La3+) was found to be the most effective cation in terms of the extent 
of precipitation and the minimum ionic strength required, whereas Ca2+ appeared to be a 
considerably less effective. Significantly higher ionic strength (>1 mol/ L) was required to 
initiate precipitation in the case of NaCl. It was also observed that S1 precipitation rates vary 
in the order NaCl < CaCl2 < LaCl3, suggesting that kinetic effects may also contribute to the 
measured precipitation. Since it is known that HA hydroxyl, carbonyl and carboxylic acid 
functional groups can participate in formation of complexes with divalent ions such as Cu2+, 
Pb2+ and Ca2+ (Piccolo & Stevenson, 1982), it is possible that such reactions could also 
contribute to the way cations affect HA solubility (Figure 0-9), additionally to colloidal, 
double-layer (charge neutralisation) effects (Lyklema, 2013). The increased binding of higher 
valence cations to HA has been identified by other workers (Carlsen et al., 1996; Furukawa & 
Takahashi, 2008), and utilised in metal ion extraction (Sabirjanovna et al., 2016).  
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Figure 0-11 - Tapping-mode 3D topological AFM images of mica containing adsorbed S1 from (a) 
ca. 0.5 g/L and (b) ca. 6 g/L solutions in deionised water (see also Figure 0-2 for the solutions used. 
 
6.3.5. S1 structure  
Freshly cleaved muscovite mica pieces (ca. 1 cm2) were immersed in two S1 solutions at low 
(ca. 0.5 g/L) and high (ca. 6 g/L) concentration (positions ‘a’ and ‘b’ respectively, Figure 0-2) 
for ca. 1 h. The mica pieces were then removed, rinsed with deionised water, and air-dried.  
AFM measurements of S1 adsorbed on pieces of mica produced the images shown in Figure 
0-11. The adsorbed layer derived from the lower concentration of S1 solution (position ‘a’, 
Figure 0-2) appeared smoother and more globular in comparison to the higher concentration 
image (position ‘b’, Figure 0-2). The surface differences are more obvious from the respective 
section profiles shown in Figure 0-12. 
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Figure 0-12 - Section profiles through the tapping-mode 3D topological images of mica containing 
adsorbed S1 from (a) ca. 0.5 g/L and (b) ca. 6 g/L solutions in deionised water (see Figure 0-2 for 
solutions used). 
The sample produced from a higher concentration solution resulted in smaller individual 
topological features, which are similar to those reported previously by Pläschke et al. (1999) 
and Liu et al. (2000). It is important to add that in those studies the solutions were prepared 
using different procedures and were of lower concentration. Liu et al. (2000) used commercial 
NaHA dissolved in water, which was subjected to a precipitation-ultrafiltration process to 
remove impurities and isolate fraction with a specific molecular weight range (between 5,000 
Da and 10,000 Da). This HA fraction resulted in AFM heights of 3.1–3.7 nm and 4.2–5.7 nm 
depending on the drying method used during sample preparation.  
AFM images of HA adsorbed on mica surfaces were also reported by Pläschke et al. (1999). 
The NaHA from Aldrich was extensively purified according to the method proposed by Kim 
et al. (1990). The process involved several cycles of dissolution in NaOH (0.1 mol/L) in the 
presence of sodium fluoride (0.2 g/g HA) and precipitation. The obtained purified HA sample 
was further adsorbed on mica surfaces at range of different pH values and imaged using AFM. 
It was reported that the smallest particle diameters were in the range 8–13 nm, compared with 
spheroids of 9–12 nm diameter observed by transmission electron microscopy (TEM) by 
Myneni et al. (1999). Chen et al. (2007) also reported similar images of HA (from an 
unreported source) to those presented here.  
 
of the extent of precipitation and the minimum ionic strength
required. CaCl2 appears to be a considerably less effective, based
on the same metrics. Significantly higher ionic strength (>1 mol/
L) is required to initiate precipitation in the case of NaCl. It was als
qualitatively observed that S1 precipitation rates appear to vary in
the order NaCl < CaCl2 < LaCl3, suggesting that kinetic effects may
also contribute to the measured precipitation. Since it is known
that HA hydroxyl, carbonyl and carboxylic acid functional groups
can participate in complex formation ith divalent ions such as
Cu2+, Pb2+ and Ca2+ [36], it is possible that such reactions could also
contribute to the differences shown in Fig. 5(b), rather than solely
colloidal, double-layer (charge neutralization) effects [50]. The
increased binding of higher valence cations to HA has been identi-
fied by other workers [19,51], and utilized in metal ion extraction
[52].
3.3.2. S1 solution structure
On the basis of the foregoing, we were interested to consider
further the structure of S1 as an anionic colloid. Small pieces
(!1 cm2) of freshly-cleaved muscovite mica were placed in two
different S1 solutions at low (!0.5 g/L) and high (!6 g/L) concen-
tration for !1 h (corresponding to the labeled positions a and b,
respectively, in Fig. 1(a)). The mica pieces were then removed,
rinsed with deionized water, nd air-dried. Subseq ent AFM mea-
surements produced the images shown in Fig. 6, the adsorbed layer
derived from the lower concentration solution at position a in
Fig. 1(a) having a smoother, globular appearance compared to
the higher concentration image from position b. This is more obvi-
ous from the respective section profiles also shown in Fig. 6. The
higher concentration solution produced much smaller individual
topological feat res which are similar to those reported elsewhere
for the same type of commercial material [53,54], although in the
latter studies the solutions were prepared using different proce-
dures, and were of lower concentration (0.1 g/L). Thus, Liu et al.
[54] started with commercial NaHA which was dissolved in water
and subjected to a precipitation-ultrafiltration process to remove
impurities and constrain the molecular weight range to between
5000 and 10,000 Da; t is produced AFM heights for adsorbed HA
of 3.1–3.7 and 4.2–5.7 nm depending on the drying regime applied
during sample preparation.
Pläschke et al. [53] purified Aldrich NaHA according to the
method of Kim et al. [55] by dissolution in 0.1 mol/L NaOH in the
presence of sodium fluoride (0.2 g/g HA). After several
precipitation/re-dissolution (NaOH)/re-precipitation cycles, the
resultant HA was adsorbed on mica surfaces at different pHs and
imaged using AFM. The smallest particle diameters were found
to be in the range 8–13 nm by AFM, compared with spheroids of
9–12 nm diameter observed by transmission electron microscopy
(TEM) [56]. Chen et al. [57] also observed similar images to those
presented here for HA from an unidentified source.
On the other hand, Balnois et al. [58] studied two standard HAs:
Suwannee River HA (SRHA; International Humic Substances Soci-
ety) and a peat-derived HA (PHA; UK Geological Survey). These
were sufficiently soluble in deionized water, and were free from
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Fig. 6. Tapping mode 3-D topological AFM images (top) and section profiles through the respective AFM images (bottom) for mica containing adsorbed S1 from (a) !0.5 g/L
and (b) !6 g/L solutions in deionized water (see also Fig. 1(a) for the solutions used).
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Balnois et al. (1999) studied Suwannee River HA (SRHA; International Humic Substances 
Society) and a peat-derived HA (PHA; UK Geological Survey), which were relatively soluble 
in deionised water and did not consist of any non-HA impurities. The AFM images of SRHA 
showed displacement between 0.5 and 2 nm, whereas the more hydrophobic PHA aggregated 
structures showed much bigger displacement of ca. 22 nm and a smaller fraction of 1–3 nm. 
Based on the results and the previous studies described above it can be concluded that S1 shares 
some characteristics of other commercial and extensively purified HA samples. Although even 
the lowest studied adsorbed S1 concentration (Figure 0-11 (a)) is higher than in some previous 
studies, the results of AFM study are consistent with extended molecules present on the mica 
surface under the low ionic strength and neutral pH conditions, resulting in the uniform build-
up of surface layers (Liu et al., 2000). Interestingly, the higher concentration of S1 resulted in 
the image indicating presence of much smaller and regular aggregates (Figure 0-11 (b)) than 
those obtained from the lower concentration. Images of both S1 concentrations were also found 
to be consistent with recent adsorption studies as a function of concentration on highly ordered 
pyrolytic graphite (Liu et al., 2011) as well as with modelling (Sein et al., 1999). It is important 
to add that the AFM images present dry layers of the studied units and they do not necessarily 
represent HA structure in the solution.  
6.3.6. Implications for the colloidal structure of HA  
Characterisation of the isolated fractions of HA has revealed significant structural differences 
between the soluble (S1 and S2) and insoluble (I1 and I2) fractions, using TGA, elemental 
analysis, IR and solid-state 13C NMR spectroscopy techniques. The spectroscopic data 
indicates that soluble fractions (S1 and S2) are structurally similar, with molecular weight and 
chemical structure result in their respective solubility characteristics (Klucáková, 2016). 
Finally, the differences between soluble (S1 and S2) and insoluble fractions (I1 and I2) 
appeared to be significant. Significantly higher aromaticity was revealed by CPMAS 13C NMR 
spectroscopy in the soluble species (S1 and S2). This was in agreement with TGA results, 
which confirmed relatively higher aromatic content in the soluble fractions (S1 and S2), and 
IR spectroscopy, which indicated lower levels of polysaccharides in the soluble fractions (S1 
and S2).  
Numerous fractionation studies of HA reported in the literature and described above would 
result in the specific species dependent on the fractionation method used and the origin of each 
particular HA sample. HA fractionation on the basis of water solubility described in this study 
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reveals not only some structural characteristics of HA, but it also provides further evidence for 
its colloidal nature. Although the present findings are based on the commercial HA sample 
studied, the wider application to other humic substances should also be considered.  
To summarise, the structure of humic substances in general, and HA in particular, has been the 
subject of studies and debate over the years. The earliest studies suggested that humic materials 
act like random coil ionic polymers which have conformations that are sensitive to the 
environmental changes of pH and electrolyte concentration (e.g. Kononova, 1961). 
Subsequently, Wershaw (1989 and 1994) proposed a “membrane-micelle” model of HA in 
solution, where micelles form from an ordered aggregation of plant-derived lipids and charged 
amphiphilic molecules held together by H-bonding. More recently, humic substances have 
been referred to as supramolecular systems (Piccolo, 2001; Sutton & Sposito, 2005) created 
from smaller heterogeneous organic species. The heterogeneous species were reported to 
originate from aromatic lignins, polysaccharides, proteins and lipids (Piccolo, 2001; Tan, 
2014), evidence for which is present in the fractions derived in the present work. Although 
each of these components exhibits different polarity/solubility characteristics, their structures 
interact with each other, e.g. through formation of the lignin-carbohydrate complex (Colombo 
et al., 2015) or through interactions between lipid-like and humic-like fractions, creating a 
“structure-within-a-structure architecture” (Chilom et al., 2009; Chilom et al., 2013).  
Based on the solubility characteristics HA have been shown in this and other studies 
(Klucáková, 2016) to exist as a multi-component mixture of non-covalently bonded species. 
This finding would also support reports of HA fractionation based on adsorption (Pitois et al., 
2008) and ultrafiltration (Carlsen et al., 1996; Francioso et al., 2002).  
It has been reported by a number of researchers that HA exhibits colloidal character, which 
was also identified by AFM (Tarasevich et al., 2013; Pläschke et al., 1999; Liu et al., 2000; 
Kim et al., 1990; Myeni et al., 1999; Chen et al. 2007; Balnois et al., 1999); however, it appears 
that HA sub-fraction has been imaged by AFM for the first time. The colloidal properties of 
the highest solubility fraction S1 were of the main interest and it was found that S1 flocculate 
in the presence of different cations, which is a typical characteristic of an anionic colloid. The 
flocculation of purified HA sample to the presence of Mg2+ was previously reported by Wang 
et al. (2013).   
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6.4. Conclusions and future work 
The physico-chemical properties of HA are being continuously investigated; however, only 
relatively recently the supramolecular association of heterogeneous species has been generally 
accepted for defining its structural organisation (Piccolo, 2001; Sutton & Sposito, 2005). 
Building on the membrane-micelle model of Wershaw (1989 & 1994) it was found that HA is 
a multicomponent colloidal system consisting of diverse range of self-assembled components. 
In this study a commercial HA sample was fractionated by its sequential dissolution in 
deionised water and it was shown that one of the sub-fractions in particular exhibits properties 
of an anionic colloid. The AFM analysis suggests an approximate size of the 
colloidal/aggregates dimensions. The results support Lehmann and Kleber’s (2015) view of the 
nature of humic substances, by identifying water-soluble “forms that are actually soluble in 
water”. The results also provide a link with the earlier “polymer model” by Stevenson (1994) 
in which humic substances were proposed to act as ionic polymers.  
An unusual solubility behaviour of HA was observed, as reported previously by others 
(Klucacova & Pekar, 2005 & 2008), which enabled isolation of four fractions by sequential 
dissolution under near-neutral pH conditions – two water-soluble products (S1 and S2) and two 
water-insoluble residues (I1 and I2). It is possible that a more exhaustive separation scheme, 
perhaps including pH and ionic strength variation, would allow for isolation of further fractions 
of narrower composition, as are being studied by Klucáková and her co-workers (Klucáková 
& Kolajová, 2014; Klucáková & Kalina, 2015; Klucáková, 2016).  
The analytical results highlight significant differences between the soluble (S1 and S2) and 
insoluble (I1 and I2) HA fractions. The insoluble fractions were found to contain proportionally 
more oxygen (revealed by a combination of elemental analysis and TGA), with increased 
amount of carbonyl functional groups (>C=O evident from 13C CPMAS NMR and ATR-IR) 
and phenol groups (aromatic C-OH from ATR-IR). Additionally, the soluble fractions (S1 and 
S2) were found to contain a greater aromatic/aliphatic carbon ratio (from 13C CPMAS NMR 
and TGA) and a lower polysaccharide C-O content (ATR- IR). The isolated components 
identified here were shown to be consistent with known structural features of HA.   
There have been relatively few systematic investigations of the effects of concentration change 
on the form taken by HA in solution, as pointed out by Tarasevich et al. (2013). However, 
during this study, it has been shown that the original commercial HA contains non-covalently 
bonded species with different polarity and water solubility. As a result, the present findings 
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correspond with the description of HA as a supramolecular system, with macromolecules as 
well as molecular aggregates being present in its structure, as concluded by Baigorri et al. 
(2007).  
It would be interesting to study this unusual solubility of HA further, as it might provide more 
information on the composition and reactivity of those complex compounds. It would be 
recommended to research the fractionation by dissolving I2 as well as further fractions. 
Furthermore, the effect of other parameters on the fractionation could be considered (e.g. 
temperature change or presence of anions and cations of various valency).  
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Chapter	7	Conclusions		
This work considered extraction and characterisation of HA in terms of its physico-chemical 
properties and its interactions with other representative components of oil sands, such as sand, 
clays and bitumen. Dielectric properties of unconsolidated heterogeneous systems were 
determined to be suitable for studying oil sands. At the low-frequency range (10-3 – 107 Hz) 
DS analysis yielded complex properties such as conductivity or permittivity, which revealed 
contributions from underlying processes in materials, including electronic, ionic and interfacial 
polarisation. Dielectric measurements undertaken on a range of artificially prepared samples 
revealed strong, regular dependencies on the composition of the systems. The permittivity and 
conductivity data provided good and direct evidence of some features of the microstructure, 
such as wettability and the role of clays.  
Based on the results obtained it was evident that the extraction of HA from oil sand is not 
straightforward and most methods as reported in the literature and modified, resulted in no HA. 
The characterisation of HA extracted in relatively small quantities from the NOS samples 
resulted in relatively high carbon and oxygen content, indicating the presence of organic matter. 
In addition to the high level of oxygen, there was also a high silicon content that could suggest 
that dissolved silica was also present in analysed samples. FTIR proved to be a valuable 
characterisation technique for HA identification and a significant technique for chemical 
structure elucidation. 
 
All four final separation methods examined resulted in the extraction of mixtures of water-
soluble organic compounds and dissolved or dispersed inorganic compounds. Although the 
initial analysis indicated the presence of HA in all of the samples, FTIR confirmed the presence 
of aromatic compounds in only two out of five powders. All five final samples have been shown 
to include alcohols, phenols and ketones in their structure; however, the presence of aromatic 
structures and amines was only detected in two of the samples.  
 
NaHA and HA solutions have been shown to be only weakly surface active at the water-air 
interface. Changes in some solution properties were evident at the concentration of ca. 50 
mg/L, which suggested the formation of aggregates in water. The formation of HA-cationic 
surfactant (CTAB) complexes confirmed the negatively-charged nature of the HA in water and 
its potential susceptibility to precipitation. It was evident that HA, whether present as NaHA 
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or as HA solution, flocculates and precipitates when a critical concentration of CTAB was 
reached. This finding confirmed the negative nature of HA in solution, even if not originally in 
its sodium salt form. Complexation between HA and positively-charged species may also be 
significant for interactions with, e.g., positively-charged sites in clays and other minerals, as 
well as with cations in oilfield waters. It is possible that HA forms micelle-like aggregates that 
reach a critical aggregate concentration after addition of low concentrations of cationic 
surfactant CTAB. This could have been happening through interactions of the dissociated 
carboxylic acid groups on HA with CTAB. Presence of monovalent and divalent ions reduced 
the solubility if HA in aqueous solutions significantly, hindering it fully when present at 
concentratios equal or higher that 5%.  
 
An adsorption study of HA on the surface of sand, clay and sand-clay mixtures was carried out 
by means of DS and the UV-vis absorption measurements. The results showed a strong affinity 
of HA present in the solutions to the surface of sand and clay. The calculations based on the 
results obtained proved the significance of clay in HA-solid interactions due to its high affinity 
to HA and significantly larger than sand surface area. The conductivity of the sample showed 
to be dependent on the phase in which HA exists in the sample: adsorbed onto the surface of 
solids or dissolved in solution. Adsorption of HA appeared to be limited, which could be related 
to the surface area of the material and monolayer formation. 
 
It has been shown that HA stabilises clay dispersions in the aqueous solution and the stability 
was found to be directly proportional to the amount of HA in the solution. The study also 
showed that the higher the HA concentration, the lower the final volume of the clay sediment, 
indicating strong effects of HA on clay particle compaction abilities. These different 
mechanisms could be caused by the HA forming bridges with clay particles, by trapping the 
clay particles in their network, or by forming the complexes with metals present in the clay 
structure. This ability was limited and true only up to a certain HA concentration, as further 
addition of HA did not have any additional effect on the clay aggregation.  
 
Asphaltenes were shown to adsorb on the sand and clay surfaces very well. No significant 
effect of the presence of pre-adsorbed HA on kaolinite clay particles on asphaltene adsorption 
was observed during this study. However, the adsorption of asphaltenes was affected 
significantly by the presence of HA on the sand surface. The study showed that the more HA 
is present on the surface of the sand, the lower the asphaltene adsorption. The study of the 
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effect of HA in the solution on asphaltene- and bitumen-coated sand showed that, over time, 
HA made asphaltene surfaces increasingly more hydrophobic. These results showed HA 
interaction with the components of bitumen; however, further studies were omitted at this stage 
due to the complexity of the oil-fraction and the focus of this study on the water-fraction and 
water-soluble components.  
 
In the present work a commercial HA sample was fractioned by sequential dissolution in 
deionised water and it was shown that one of the sub-fractions, in particular, behaves as a 
hydrophilic anionic colloid. A multi-technique approach was used to study the composition 
and colloidal properties of a commercial sample of HA. HA in its non-sodium salt form was 
found to be soluble when added to water in significant excess, resulting in soluble (S1) and 
insoluble fractions (I1). Fraction I1 was found to be soluble, when added to clean water in a 
significant excess. This unusual solubility behaviour of HA enabled isolation of four fractions 
by sequential dissolution under natural near-neutral pH conditions – two water-soluble 
products (S1 and S2) and two water-insoluble residues (I1 and I2). Assuming that HA solutions 
are colloidal, it would not be unreasonable to suspect that the stability was induced by 
electrostatic repulsive interactions. The higher the starting amount of HA in the solution, the 
higher the maximum concentration of saturated HA solution was obtained. It was found that  
temperature change and particle size did not affect HA dissolution in water. Addition of as 
anionic surfactant (SDS) decreased dissolution of HA water at its natural pH, showing HA 
interaction not only with positively but also negatively charged species. The analytical results 
highlight significant differences between the soluble and insoluble HA fractions. The former 
contain proportionally more oxygen with increased carbonyl functionality and phenol groups. 
Additionally, the soluble fractions contain a greater aromatic/aliphatic carbon ratio and a lower 
polysaccharide C-O content. Thus, the components identified here are consistent with known 
structural features reported cases of HA.  
To summarise, overall, this study showed that HA is composed of a supramolecular 
association of heterogeneous species that have the ability to aggregate in aqueous solution 
and adsorb onto mineral surfaces. The humic substances proved to be negatively-charged 
multicomponent colloidal systems with the ability to self-assemble and can be surface active 
under certain conditions. Properties such as these are likely to affect heavy oil recovery and 
processing and HA should be studied further in this context.   
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Appendices	
Appendix 1 - Synthetic oil sand samples and binary systems: Compositional data. 
 
Sample Solids Bitumen:water 
Vol% of bitumen and water phase in sample 
Designation 
Vb Vw 
1a 
Sand 
0:1 0 23.8 
Sw 
1b 0:0.5 0 11.9 
1c 0:0.25 0 5.9 
1d 0:0 0 0 
2a 
Sand + 12.4 wt% 
kaolinite 
0:1 0 23.8 
(S+K)w 
2b 0:0.5 0 11.9 
2c 0:0.25 0 5.9 
2d 0:0 0 0 
3a 
Sand 
1:1 11.9 11.9 
Sw|B 
3b 1:0.5 15.9 7.9 
3c 1:0.25 19.0 4.8 
3d 1:0 23.8 0 
4a 
Sand + 12.4 wt% 
kaolinite 
1:1 11.9 11.9 
(S+K)w|B 
4b 1:0.5 15.9 7.9 
4c 1:0.25 19.0 4.8 
4d 1:0 23.8 0 
5a 
Sand 
1:1 11.9 11.9 
Sb|W 
5b 1:0.5 15.9 7.9 
5c 1:0.25 19.0 4.8 
5d 1:0 23.8 0 
6a 
Sand + 12.4 wt% 
kaolinite 
1:1 11.9 11.9 
(S+K)b|W 
6b 1:0.5 15.9 7.9 
6c 1:0.25 19.0 4.8 
6d 1:0 23.8 0 
7a 
Sand + 12.4 wt% 
montmorillonite 
1:1 11.9 11.9 
(S+M)w|B 
7b 1:0.5 15.9 7.9 
7c 1:0.25 19.0 4.8 
7d 1:0 23.8 0 
8a 
Hydrophobic sand 
1:1 11.9 11.9 
S′b|W 
8b 1:0.5 15.9 7.9 
8c 1:0.25 19.0 4.8 
8d 1:0 23.8 0 
9a 
None 
99:1 - - 
Bw 9b 95:5 - - 
9c 90:10 - - 
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Appendix 2 - EIS RC circuit fitting parameters for compositions. 
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Appendix 3 - FTIR spectrum of standard HA. 
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Appendix 4 - FTIR spectrum of standard NaHA. 
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Appendix 5 - FTIR spectrum of standard naphthenic acid. 
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Appendix 6 - FTIR spectrum of standard kaolinite clay.
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Appendix 7 – FTIR spectrum of standard montmorillonite clay. 
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Appendix 8 - Titration of S1 with CTAB solution at the two initial pHs and the “spot” test 
used to identify the flocculation point (denoted as ‘F’).  
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Appendix 9 - ATR-IR spectra of commercial samples of HA and NaHA. 
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Appendix 10 - Solid-state 13C NMR spectra for HA and derived fractions. The approximate 
ranges for the indicated carbon atoms are shown. The small signals at ca. 250 ppm are 
spinning side bands. 
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structure and colloidal properties continue to be the subject of debate, largely owing to its molecular
complexity and association with other humic substances and mineral matter. As a class, HA is considered
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Experiments: A commercial HA sample from Sigma-Aldrich has been fractionated into two soluble (S1,
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Zeta potential I1 and I2. As shown by solution SAXS measurements and AFM, the soluble fractions behave as hydrophilic
colloidal aggregates of at least 50 nm diameter.
! 2017 Elsevier Inc. All rights reserved.
1. Introduction
The present paper considers the aqueous solubility and compo-
sition of a commercial sample of humic acid (HA). This has been
chosen as an example of one of the classes of ‘‘humic substances”
produced by the environmental decomposition of natural organic
matter, and which are loosely defined in terms of the procedures
used in their extraction. Humic substances are present in soils, riv-
ers and other aquifers, and HAs have been shown to exist as aggre-
gates of colloidal size at sufficiently high concentration [1,2]. Our
original interest in these materials stems from their role in
bitumen extraction from oil sand ores [3,4], where HA is mostly
complexed with clays which, depending on the geological origin,
can have different consequences for bitumen recovery [5,6]. How-
ever, the present work has a more general context.
On a molecular level, HAs are difficult to characterize. They are
known to be (or contain) polyelectrolytes which interact strongly
with certain cations to form insoluble complexes [7,8], and have
been shown to be active in removing metal contaminants from
water [9]. Other studies have demonstrated an improved ability
of humic substances over conventional surfactants, such as Triton
X-100 or sodium dodecyl sulfate, to aid soil bioremediation
through the removal of pollutants such as polyaromatic hydrocar-
bons, thiophenes, sulfones or biphenyls [10].
As has recently been discussed [11], humic substances have
been subdivided into three separate classes based on their respec-
tive solubility characteristics. Thus, humins are insoluble under
alkaline conditions, fulvic acids are soluble throughout the pH
range, and HAs are insoluble under acidic conditions. These mate-
rials have intrinsic surfactant-like tendencies, e.g. reducing the sur-
face tension of aqueous solutions [2,12–14] and solubilizing
organic molecules in colloidal aggregates [15].
The separation of humic substances has been the subject of a
number of studies, as recently reviewed [16]. The analysis of differ-
ent fractions taken from within individual classes has only served
to highlight the molecular complexity of these substances, and
detailed molecular structures still remain elusive. Indeed, this
may not be surprising based on the arguments that humic sub-
stances are more likely to be a ‘‘continuum of progressively decom-
posing organic compounds” than ‘‘inherently stable and chemically
unique compounds” [11].
In this paper, we are particularly interested in the composition
and colloidal properties of HA component species. In the majority
of previous studies, chemical and molecular size differences have
been exploited in order to effect fractionation. For example, the
recent procedure used by Chilom et al. [13] involved alkali- and
solvent-based extractions, enabling the isolation of one lipid-like
and two humic-like fractions. Powell and Town solubilized HAs
using a combination of pH and different ionic media which were
then fractionated based on molecular size using gel permeation
chromatography combined with equilibrium dialysis [17]. Conte
et al. used preparative size exclusion chromatography to produce
seven fractions from a lignite HA which were shown by different
spectroscopic analyses to vary in aromatic-aliphatic character
and oxidized state [18]. Using ultrafiltration, Carlsen et al. pro-
duced six molecular size fractions ranging from <1 kDa to
<100,000 kDa from Aldrich HA and examined their respective
interactions with Eu3+ ions [19]. Similarly, Francioso et al. pro-
duced six fractions from Na humate solution ranging from 5–
10 kDa to >300 kDa using tangential ultrafiltration, which were
characterized by vibrational and NMR spectroscopic techniques
[20].
However, Pitois et al. [21] used a different approach to produce
‘‘chemical adsorptive” fractions from commercial HA by adsorption
on quartz sand. They found that adsorption of HA was a two-stage
process, one occurring faster (!3 h) than the other (!45 h). The HA
solutions remaining after each adsorption period were analyzed
using asymmetric flow-field flow fractionation coupled with UV/
visible absorption spectrophotometry, which showed that adsorp-
tion of lower molecular weight components (<4800 Da) occurs ini-
tially, followed by higher molecular weight components (1400–
9200) [21]. Fractions produced by this method are clearly towards
the lower molecular weight end of the ultrafiltration fraction
ranges.
A contemporary model for the structure of HAs proposes
supramolecular assemblies of smaller heterogeneous molecules
held together by hydrophobic interactions and hydrogen bonding
[22,23]. The composition of humic substances, including HA, are
naturally heterogeneous and source-dependent, since they origi-
nate from the breakdown of plant and animal matter by microbio-
logical and abiotic transformation.
Herein, we present results from an experimental study on a
commercial HA sample from Sigma-Aldrich which has been the
subject of several reports in the literature over the years
[1,7,9,12,21]. We report that it is possible to isolate ‘‘solubility frac-
tions” based on differential solubility in deionized water under
near-neutral pH conditions. Klucˇáková and Pekarˇ [24,25] have pre-
viously noted different dissolution/solubility characteristics of
solid HAs, including a commercial sample from Fluka, which on
the basis of its pH-concentration behavior is considered similar
to the product used herein (see later). These workers proposed a
multi-step dissolution mechanism upon interaction with water,
involving dissolution, with or without acid dissociation [24,25].
We were therefore interested to investigate further the water sol-
ubility of the commercial HA and the nature of the solubility frac-
tions produced.
2. Experimental
2.1. Materials and HA fractionation in water
All reagents, including neutral HA, the corresponding sodium
salt (NaHA), the inorganic salts NaCl, CaCl2"2H2O and LaCl3"7H2O,
and cetyltrimethylammonium bromide (CTAB) were the highest
purity grades available from Sigma-Aldrich, UK and were used as
received. Aqueous solutions were prepared using deionized water
(resistivity 18.2 MX"cm) from a Millipore Direct-Q system.
Inorganic matter is known to be an impurity in HA and this is
confirmed by the lower elemental compositions in the present
sample of HA compared with the literature values of a similar pro-
duct produced from NaHA: found (lit. [26]) (%): C, 36.9 (49.7); H,
3.10 (4.49); C/H ratio 0.99 (0.92). On the other hand, the similar
C/H ratio found for the present unpurified product is consistent
with an impurity devoid of carbon and hydrogen. Thermal analysis
data are reported later in this paper. Since the compositions of HA
and NaHA could potentially vary from sample to sample, experi-
ments were conducted as much as possible using a single commer-
cial batch (identified by lot number).
W.M. Swiech et al. / Journal of Colloid and Interface Science 508 (2017) 28–38 29
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HA and NaHA solutions were prepared by agitating the appro-
priate quantities of the respective dry solids in deionized water
using an orbital shaker at ambient temperature (20 ± 2 !C). Solu-
tions of the desired concentration of the sodium salt were prepared
by dissolving the exact weighed amount of NaHA in deionized
water. However, in the case of HA, it was discovered that a propor-
tion of the HA was soluble in deionized water, the concentration of
the soluble fraction being dependent on the initial mass of HA, and
to a lesser extent, time (from 4 to 48 h used). The solutions pro-
duced in this way were then filtered to remove undissolved solid
(termed ‘‘insoluble 1”, I1), and the concentrations of the soluble
fraction (termed ‘‘soluble 1”, S1) in the filtrates were determined
gravimetrically after drying. Lower concentration solutions were
prepared by dilution.
This procedure was extended by removing the undissolved I1
from the first dissolution stage and adding this to fresh deionized
water. This resulted in further, but also incomplete, dissolution
and, again, the undissolved solid (termed ‘‘insoluble 2”, I2) was
removed by filtration, the filtrate containing the second soluble
component (‘‘soluble 2”, S2). This procedure is shown in Scheme 1.
The corresponding ‘‘soluble” components (S1 and S2) were recov-
ered by carefully drying aliquots of the respective solutions in
preparation for further analysis.
2.2. Characterization methods
2.2.1. Colloidal and solution analysis
Zeta potentials of S1 aqueous solutions (prepared by dilution of
a stock solution as described above to produce solutions in the
range 2.6–1320 mg/L) were determined using a ZetaMaster (Mal-
vern Instruments, Malvern, UK). Surface tensions of the aqueous
solutions of NaHA and S1were determined as a function of concen-
tration by the du Noüy ring method with a Krüss K10 tensiometer
(Krüss GmbH, Hamburg, Germany). The Pt-Ir ring was rinsed thor-
oughly with deionized water and flamed before making each mea-
surement, which were made at least in triplicate. Both sets of
measurements were made at ambient temperature (20 ± 2 !C).
Small-angle X-ray scattering (SAXS) measurements on aqueous
S1 and S2 solutions were made using the B21 beamline at the Dia-
mond Light Source of the UK National Synchrotron Science Facility
(Harwell Science and Innovation Campus, UK). Solutions were
manually injected via a coupled syringe into a quartz capillary
(1.8 mm internal diameter) in the X-ray beam. The quartz capillary
was enclosed in a vacuum chamber, in order to reduce background
scatter. Experiments were carried out with a camera length of
4.01 m and fixed energy (12.4 keV, corresponding to a wavelength
of 0.999 Å), providing a q range of 0.022–4.2 nm!1. Scattering pat-
terns were acquired using a Pilatus 2 M detector. Background
(water) subtraction and radial averaging were performed using
the dedicated beamline software ScÅtter.
Concentrations of acid groups in S1 and S2 were determined
using a modification of the cationic surfactant-based precipitation
method described by Nobili et al. [27]. In the present work, typi-
cally 5–10 mg of solid S1 or S2 was dissolved in deionized water
(40 mL) and titrated with a solution of CTAB (i.e. CTA+ Br!) of
known concentration ("5 # 10!3 M) at either pH 7 or pH 9.8. Reac-
tion with CTA+ at the former pH provides a measure of acid groups
dissociated at pH 7 (mainly, but not exclusively, carboxylic),
whereas at the higher pH CTA+ reacts additionally with phenolic
groups [27]. The original method identifies the most optically-
clear supernatant, after centrifuging a range of mixtures with dif-
ferent HA/CTAB ratios. Here, we detect the end-point visually by
the appearance of large flocs, assisted by ‘‘spotting” one drop of
the titration mixture onto a filter paper (Whatman #1). The pres-
ence of large flocs is apparent as dark particles (see Fig. S1, Sup-
porting Material). We also continuously monitored the solution
pH during the titration, which decreases as the end-point is
approached, in a single stage at the lower pH, and in two stages
at the higher pH, as also shown in Fig. S1. We suggest that the
two stages indicate the types of acid groups involved [27].
The effect of ionic strength and cation valency on the dissolution
of HA, and the colloid stability of S1, were analyzed spectrophoto-
metrically (Thermo-Scientific Evolution 2000 UV–Vis spectropho-
tometer). In the former experiments, HA was suspended in NaCl,
CaCl2 and LaCl3 solutions and agitated using an orbital shaker (4 h;
200 rpm). After filtration (Whatman#1filter paper), the absorbance
at 450 nm of each filtrate was compared with the corresponding
value for a suspension of HA in deionized water. For the colloid sta-
bilitymeasurements, aliquots (2.5 mL) of a stock S1 solution (0.62 g/
L)weremixedwith equal volumesof knownconcentration salt solu-
tions and also agitated using an orbital shaker (4 h; 200 rpm). In
these latter experiments, any precipitate formed was removed by
centrifugation (Rotina 380 Hettich benchtop centrifuge at
5000 rpm for 10 min), and the residual S1 concentrations deter-
mined by comparing absorbance values at 450 nmwith a deionized
water reference (i.e. equivalent to 0.31 g/L).
2.2.2. Solid-state analysis
Thermogravimetric analysis (TGA) was conducted using a TA
Instruments Q500 TGA analyzer. Powdered samples ("5 mg) were
placed in a shallow platinum crucible and heated in static air at a
rate of 10 K/min from room temperature to 950 !C. The results are
expressed as thermogravimetric (TG) and first derivative (DTG)
plots. Elemental analyses (CHN) of the humic substances were
determined by combustion analysis using an Exeter Analytical
CE440 elemental analyzer. Infrared spectroscopic analysis was car-
ried out using a Brüker Alpha instrument in ATR mode (2 cm!1
spectral resolution).
Solid-state NMR experiments were conducted on HA, NaHA, S
and I samples at the former EPSRC National Solid-State NMR Ser-
vice facility at the University of Durham. 13C Multiple cross-
polarization magic angle spinning (CPMAS) spectra [28] were
obtained at 100.56 MHz at ambient probe temperature using a
Varian VNMRS spectrometer based on a 9.4 T Oxford Instruments
superconducting magnet.
Imaging of mica surfaces containing humic acid fraction S1 by
atomic force microscopy (AFM) were obtained under ambient con-
ditions in air using a Brüker Innova atomic force microscope in tap-
ping mode using 256 scan lines and a scan rate of 4 Hz. The images
were post-processed using Brüker NanoScope software, which was
used primarily to level the images.
3. Results and discussion
3.1. Aqueous fractionation of HA
The dissolution behavior of the commercial HA powder is very
different from that of NaHA. Unsurprisingly, aqueous NaHA
Scheme 1. Sequence of humic acid dissolution in water to produce soluble (S1, S2)
and insoluble (I1, I2) fractions.
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solutions are easily prepared simply by stirring the solute into
water. On the other hand, as previously also found by Klucˇáková
and Pekarˇ, HA is only partially soluble, even when very small quan-
tities are added to water under neutral pH conditions [24,25]. Here,
we have found that proportionately more concentrated solutions
were produced by increasing the initial quantities of HA powder,
and even after prolonged (!48 h) agitation the water/HA mixtures
contained undissolved (organic and inorganic) components.
As an example, the addition of as-received HA powder (0.125 g)
to deionized water (100 mL) at ambient temperature consistently
produced a concentration of 0.39 ± 0.03 g/L in solution, suggesting
the presence of !30% of a soluble component (S1) under these con-
ditions. The concentration increased to 0.50 and 0.54 g/L at 50 !C
and 80 !C, respectively. Extending the number of ambient temper-
ature experiments produced the data shown in Fig. 1(a). During
dissolution, the pH was neutral to slightly acidic, and changed little
with time, as noted elsewhere for another commercial HA sample
[25]. Over the course of a 4 h experiment in which 2 g HA was sus-
pended in deionized water (100 mL), the pH of the solution
decreased slightly from 6.11 to 6.02, while for an initial suspension
of 6 g HA in the same volume of deionized water, the pH remained
at 5.74 throughout. The removal of excess undissolved solid (i.e. I1,
Scheme 1) by filtration or centrifugation enabled S1 solutions of
relatively high concentration to be obtained.
The data in Fig. 1(a) indicate that a steady linear increase in the
S1 concentration is seen as a function of the initially suspended HA,
which indicates a limiting solubility for the HA components com-
prising S1 under these conditions. S1 could potentially exist in a
dissolved state or in colloidal suspension, and coupled with the sol-
ubility behavior, led us to consider the compositional and solution
properties of the soluble and insoluble fractions.
Upon isolating the separated insoluble HA fraction I1 (see
Scheme 1), it was also found to yield !30% of a second soluble frac-
tion S2 when added to further (100 mL) deionized water; filtration
also produced another residual insoluble fraction I2. The S2 con-
centration is plotted in Fig. 1(b) as a function of the original sus-
pended I1 concentration, from which it can be seen by
comparison with Fig. 1(a) that dissolution is generally lower than
for HA. This is indicative of a selective dissolution process, and
the differences in the fractions from successive dissolution steps
would be expected to reflect the respective hydrophilicity of the
different fractions.
3.2. Compositional and functional analysis of HA and fractions
Thermogravimetric analysis (TGA) has been shown to be a use-
ful technique for characterizing HAs and other humic substances in
past studies [29,30]. The pattern of HA decomposition of a standard
Suwannee River humic acid, for example, shows a small mass loss
in the region of 300–400 !C followed by a larger mass loss between
450 and 550 !C [29]. Below !400 !C, mass loss is generally a result
of decomposition or elimination of oxygen-containing functional
groups, whereas above 400 !C it reflects the high aromatic content
[29]. Here, TGA in air has been performed on the fractions S1, S2, I1
and I2 as well as the precursor HA. As can be seen in Fig. 2, the TG
and DTG profiles for the two soluble fractions are similar, as are
those for the two insoluble fractions, although the respective
behaviors of soluble and insoluble fractions are distinctly different;
the profile for the original HA is intermediate.
All the samples show !10–15% mass loss up to !300 !C, most
probably a result of dehydration. However, true thermal degrada-
tion first appears as a small peak in the derivative plots at !300–
325 !C for HA and the insoluble fractions, each amounting to
!10% mass loss. The main degradation peaks for I1 and I2 follow
at 423 and 390 !C, respectively, compared with 555 !C for HA.
The widths of these peaks decrease in the order HA > I1 > I2, which
may reflect decreasing sample heterogeneity.
On the other hand, degradation of S1 and S2 is entirely different,
exhibiting much higher thermal stability. In these fractions, a
steady mass loss totaling !15% occurs up to 600 !C. This is fol-
lowed by the most significant mass loss (!45%) in the range
600–900 !C, which contains two main degradation peaks at 784
and 890 !C for S1, and 754 and 832 !C for S2, indicative of char for-
mation from aromatic structures; oxidation subsequently occurs at
much higher temperatures.
HA, I1 and I2 each produce !25–33% residue (note that the HA
supplier quotes !20% ash), whereas the corresponding yields from
S1 and S2 are approximately half these values (see Table 1). A more
detailed comparison of the DTG plots in Fig. 2(b) reveals that
degradation of the original HA contains minor contributions from
each of the individual fractions. A broad peak at !800 !C, for
instance, is an indication of the soluble fractions, whereas the
insoluble fractions are more apparent in the temperature region
leading up to the main HA degradation at !550 !C. However, it is
interesting to note that the responses of the respective fractions
are not reflected in the overall behavior of HA. By considering
the TG/DTG profiles for the HA/S1 and I1/S2 solubility pairs, it
appears that char formation in the soluble fractions is suppressed
by the presence of the respective insoluble fractions – for example,
mass loss from HA at >600 !C is 5.8% whereas it is 50.3% in S1, and
yet HA contains !30% S1.
The microanalytical results, summarized in Table 1, also indi-
cate that higher TGA residue yields correspond to higher H/C
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Fig. 1. (a) Dissolution of HA powder in deionized water to produce S1 in solution,
leaving insoluble I1. The two highlighted points (a and b) identify the S1 solutions
used to produce samples for AFM. (b) Plot showing the solubility of excess
powdered I1 deionized water to yield S2. The curves are drawn to guide the eye.
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atomic ratios (nitrogen levels were found to be below the 0.3%
level of uncertainty of the analytical procedure). It is therefore
likely that the residues contain different amounts of ash originat-
ing from the original HA, which would be retained in the insoluble
fractions. Fig. 2 and Table 1 show that residue yields for HA, I1 and
I2 are very similar, whereas the corresponding S1 and S2 values are
significantly lower. The O/C atomic ratios, estimated by taking resi-
due levels into account, also reveal significant polarity differences
between the soluble and insoluble fractions. Being the first fraction
to dissolve, it is not surprising that S1 has a higher relative oxygen
content than S2, and more than double that of the insoluble
fractions.
Differences in oxygen content would also be expected to be evi-
dent from infrared spectroscopic analysis. Thus, Figs. 3 and S2
(Supporting Material) reveals the present HA sample and its frac-
tions to be characteristic of a type III humic acid, based on Steven-
son and Goh’s classification [32], indicating a relatively young
product. In general, it is found that the main IR bands are consis-
tent with other humic acids reported previously, and subsequent
assignments follow those given in the literature [18,32–36].
All HAs contain broad bands at 3207–3356 cm!1 attributable to
O-H stretch in both free and dimeric carboxylic groups, as well as
relatively small aliphatic C-H stretching bands in the region of
2851 and 2921 cm!1 [32]. The spectra in Fig. S1 for HA and NaHA
illustrate these features very well, the bands differing only in their
relative intensities.
However, it is perhaps more pertinent to point out differences
seen in the spectra for I and S fractions in the lower wavenumber
region, as these are indicative of differences in chemical structure
and composition. Therefore, with reference to the 900–1100 cm!1
region of Fig. 3, HA and all the fractions show two distinct absorp-
tion bands centered on 1021 cm!1, although these are more dis-
tinctive in HA, I1 and I2 compared with S1 and S2. These bands
have previously been assigned to a CAO stretching mode in
polysaccharides or polysaccharide-like substances [35,36], coincid-
ing with Si-O stretching modes (see below), indicating that all
these groups may be fewer in number in the soluble fractions, con-
sistent with the above TGA results.
The strong band at 1563 cm!1 (with a very small shoulder at
"1700 cm!1 in HA and the insoluble fractions), respectively
assigned to C@C skeletal vibrations and C@O stretch, indicates a
comparably small amount of carbonyl functionality which had
been seen previously in humic acid extracted from lignite [18],
and also in a commercial humic acid sample from Fluka [25]. The
intensity of this band is reduced by complexation with divalent
ions (Cu2+, Ca2+, Pb2+) or salt formation with K+ [36]. The strong
1366 cm!1 band is assigned to the symmetric C@O stretch of car-
boxylic acid groups and CAOH stretch of phenolic groups and is
slightly stronger in the soluble fractions S1 and S2. A broad, lower
intensity shoulder at "1250 cm!1 was previously assigned to the
CAO stretch of esters, ethers and phenols in the humic acid struc-
ture [37]. From these comparisons, it appears that some part of the
supramolecular structure of HA has partially dissolved to generate
the soluble fractions. In the low wavenumber region of the spectra,
a band at 531 cm!1, due to SiAOASi bending vibrations, is present
in the original HA, I1 and I2, but absent in S1 and S2. This band is
accompanied by SiAO stretching vibrations at 1030 cm!1 [38]. The
substantial loss of those peaks in S1 and S2 indicates that siliceous
mineral matter (discussed above as being a known impurity) most
likely accumulates in the I1 and I2 fractions, or may be present, in
part, as a separate colloidal fraction.
CPMAS solid-state NMR spectra of HA and its fractions, shown
in Fig. S3 (Supporting Material), are in general support of the fore-
going. Peaks in solid-state 13C NMR spectra are typically assigned
as [28,39,40]: alkyl C (0–45 ppm), O-alkyl C (45–110 ppm), olefinic
or H- or alkyl-substituted aromatic C (110–140 ppm), O- or N-
substituted aromatic (mainly phenolic) C at 140–160 ppm, and
carbonyl C (160–220 ppm). All the spectra in Fig. S3 show three
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Fig. 2. (a) TG and (b) DTG profiles obtained in air for HA and the solubility fractions
S1, S2, I1 and I2.
Table 1
Microanalytical and TGA residue data and calculated atomic ratios for HA and its fractions.
C (wt%) H (wt%) N (wt%) C/H atomic ratio O/C atomic ratioa Residue from TGA (%)
HAb
Batch 1 (Lot # BCBG7429V) 40.33 3.69 0.80 1.10 0.40 33.9
Batch 2 (Lot # BCBK5107V) 42.75 3.61 0.99 1.01 (1.06)c 0.47 25.9
S1 30.5 1.64 <0.3 0.61 1.28 12.7
S2 36.9 2.20 <0.3 0.72 0.91 16.1
I1 40.5 2.90 <0.3 0.86 0.58 25.5
I2 41.8 3.03 <0.3 0.86 0.55 24.4
a %O calculated by difference, including residue content.
b Supplier’s data.
c From Ref. [31] for an earlier product dating from 1974.
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main regions, corresponding to aliphatic, aromatic and carbonyl
groups, as seen previously in solution spectra [41], and agree well
with Aldrich HA samples studied by others [31], even after consid-
erable purification stages to remove insoluble organic and inor-
ganic contaminants [40,42,43]. In an extreme case, Fuentes et al.
[39] obtained a spectrum almost devoid of aromatic signals which
was similar in appearance to the lipid-like HA fraction extracted by
Chilom et al. [13].
The present spectra allow relative signal intensities to be deter-
mined for the aliphatic, aromatic and carbonyl group regions, and
these are summarized in Table 2, from which it is evident that the
structural components are similar in the soluble and insoluble frac-
tions, but that their relative intensities are noticeably different. In
particular, the aliphatic/aromatic ratio for the soluble fractions is
double that found for the insoluble fractions. The same is true for
the respective carbonyl contents, which is consistent with the
higher water solubility of S1 and S2. The overall aromatic content
of the soluble fractions is !30% higher than in the insoluble frac-
tions. These features have not been described previously with
respect to fractionation studies of this commercial HA.
3.3. Solution and colloidal properties of the S1 fraction
The aqueous behavior of humic substances is highly dependent
on the presence of carboxylic and phenolic groups, which princi-
pally define their acid-base characteristics [2,11,16,24,25,27]. In
the present study we have separated two water-soluble fractions
by dissolution in the pH range 5.7–7. Under these pH conditions,
the more acidic carboxylic acid groups will be ionized.
In Table 3 are shown the acid group contributions to S1 and S2,
in comparison with a previous analysis of a re-precipitated Aldrich
HA [27]. From these data, it is apparent that the two soluble frac-
tions have a similar total number of acid groups, although S2 has a
greater contribution from weaker groups, which is in accord with
their respective dissolution behavior, although it is not manifest
in the NMR results.
Evidence for the anionic colloidal nature of the first soluble frac-
tion comes from the effect of concentration on the zeta potential
(f) of S1 in water, shown in Fig. 4(a). A pH change from 6.9 to
6.1, within the range originally used to separate S1, accompanies
the attainment of a plateau f of !"30 mV, which starts at
!0.1 g/L.
Corresponding surface tensions of S1 solutions, together with
NaHA (at pH 9.8 and 11), are shown as a function of concentration
in Fig. 4(b). S1 is seen to exhibit only a slight reduction in surface
tension at !3 g/L, compared with the behavior of the NaHA solu-
tions for which the surface tension starts to decrease at !0.3 g/L
(pH 9.8) and !0.02 g/L (pH 11). This suggests that surface activity
may be related to the ionization of the phenolic groups.
The surface tension behavior of HA solutions has been deter-
mined in several previous studies from which the results were var-
iously interpreted in terms of micelle formation [1,12,44,45],
‘‘pseudo-micelle” formation (explained as micelle-like aggregates,
Fig. 3. ATR-IR spectra of original HA and its soluble and insoluble fractions (indicated). Arbitrary, but constant, vertical transmittance scale.
Table 2
Compositional data, expressed as intensity ratios, from 13C CPMAS spectra for humic
acid and its fractions.
Sample ICarbonyl/Total C IAromatic C/Aliphatic C IAromatic C/Total C
HA 0.15 1.14 0.53
S1 0.19 1.99 0.67
S2 0.20 1.92 0.66
I1 0.12 1.00 0.50
I2 0.08 0.99 0.50
Table 3
Analysis of acid groups of S1 and S2 by precipitation with CTA+. The literature data
[27] have been included for comparison.
Sample Acid groups (mmol/g)
Strong acid
groups (pH 7)
Total acid
groups (pH
9.8)
Weak acid
groups
S1 2.70 ± 0.16 3.48 ± 0.03 0.78 ± 0.19
S2 2.36 ± 0.07 3.46 ± 0.02 1.10 ± 0.09
Twice re-precipitated HA
(Aldrich) from Ref. [27]
2.87 3.61 0.74
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but without clear critical micelle concentrations) [2,46], or other
‘‘non-micelle-like” humic acid aggregates forming at high concen-
trations [47]. The surface tension behavior found by Terashima
et al. was shown to be more dependent on HA concentration than
on pH [45]. The inflection point in the surface tension-pH curve at
pH !5.5 found by these workers did not correspond to the appar-
ent acid dissociation constant which was interpreted as reflecting
the heterogeneous nature of HAs [45,48]. In fact, the data also sug-
gested a very weak dependence on pH in the range 6–7 covered in
the present study [45].
Small differences in surface tension data for the two isolated
soluble fractions S1 and S2 at their natural pH range of 6–7 are
shown in the inset to Fig. 4(b). Over the concentration range stud-
ied, S2 is found to exhibit slightly lower surface tensions than S1,
as would be expected from the lower solubility of the former, pos-
sibly due to the presence of lipid-like groups. In support of this, the
partial solubility of humic acid [24,25] containing a lipid-like frac-
tion (as opposed to the humic-like fraction) was previously
reported to have a lower surface tension in aqueous solution [13].
3.3.1. Cation effects on HA dissolution and S1 precipitation behavior
The anionic character of S1 is supported by the effects of metal
chloride salts on HA dissolution and S1 solubility, as shown in
Fig. 5. It is seen that both properties are inhibited as cation concen-
trations are increased. Previous work by Powell and Town [17]
indicated that humic acid solubility decreased with increasing
ionic strength, i.e. salting-out upon the addition of KNO3 (0.1 and
0.6 mol/L), Na4P2O7 (0.1 mol/L) and synthetic seawater. These
workers also reported that the effect of KNO3 was much lower than
that of Na4P2O7 when present at the same molar concentrations.
The solubility of humic acid in seawater (excluding divalent ions)
decreased by !30%. The addition of Mg2+ (0.05 mol/L) and Ca2+
(0.1 mol/L) reduced HA solubility by !60%. From Fig. 5(a), it is seen
that the ionic strengths at which each of the salts NaCl, CaCl2 and
LaCl3 initially inhibit HA dissolution differ by approximately an
order of magnitude, the multivalent cations being more effective
than monovalent Na+. This is consistent with the known preference
of HA to complex with multivalent cations [19].
A minimum ionic strength can also be identified for each chlo-
ride salt, above which HA dissolution is completely inhibited.
These values are in the order NaCl (!1 mol/L)" CaCl2#LaCl3
(!0.03 mol/L), and most likely reflect double-layer effects as well
as complexation with the HA polyelectrolyte species, since the rel-
ative ionic strengths are not fully consistent with the expected 1/z6
dependence on cation charge (z) predicted by DLVO theory for crit-
ical flocculation or coagulation concentrations of colloids [49].
Therefore, unlike in previous work [17], the present results suggest
the importance of cation charge on dissolution through colloidal
interactions and complexation, consistent with the anionic charac-
ter of the HA species.
Similar salt effects are seen regarding the stability of S1 solu-
tions. As the data in Fig. 5(b) illustrate, the presence of the same
three salts as above all resulted in the salting-out of S1. In these
experiments, aliquots of stock S1 solution (0.62 g/L) were diluted
to double their volume with different concentrations of the three
aqueous chloride salts. LaCl3 is the most effective cation in terms
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of the extent of precipitation and the minimum ionic strength
required. CaCl2 appears to be a considerably less effective, based
on the same metrics. Significantly higher ionic strength (>1 mol/
L) is required to initiate precipitation in the case of NaCl. It was also
qualitatively observed that S1 precipitation rates appear to vary in
the order NaCl < CaCl2 < LaCl3, suggesting that kinetic effects may
also contribute to the measured precipitation. Since it is known
that HA hydroxyl, carbonyl and carboxylic acid functional groups
can participate in complex formation with divalent ions such as
Cu2+, Pb2+ and Ca2+ [36], it is possible that such reactions could also
contribute to the differences shown in Fig. 5(b), rather than solely
colloidal, double-layer (charge neutralization) effects [50]. The
increased binding of higher valence cations to HA has been identi-
fied by other workers [19,51], and utilized in metal ion extraction
[52].
3.3.2. S1 solution structure
On the basis of the foregoing, we were interested to consider
further the structure of S1 as an anionic colloid. Small pieces
(!1 cm2) of freshly-cleaved muscovite mica were placed in two
different S1 solutions at low (!0.5 g/L) and high (!6 g/L) concen-
tration for !1 h (corresponding to the labeled positions a and b,
respectively, in Fig. 1(a)). The mica pieces were then removed,
rinsed with deionized water, and air-dried. Subsequent AFM mea-
surements produced the images shown in Fig. 6, the adsorbed layer
derived from the lower concentration solution at position a in
Fig. 1(a) having a smoother, globular appearance compared to
the higher concentration image from position b. This is more obvi-
ous from the respective section profiles also shown in Fig. 6. The
higher concentration solution produced much smaller individual
topological features which are similar to those reported elsewhere
for the same type of commercial material [53,54], although in the
latter studies the solutions were prepared using different proce-
dures, and were of lower concentration (0.1 g/L). Thus, Liu et al.
[54] started with commercial NaHA which was dissolved in water
and subjected to a precipitation-ultrafiltration process to remove
impurities and constrain the molecular weight range to between
5000 and 10,000 Da; this produced AFM heights for adsorbed HA
of 3.1–3.7 and 4.2–5.7 nm depending on the drying regime applied
during sample preparation.
Pläschke et al. [53] purified Aldrich NaHA according to the
method of Kim et al. [55] by dissolution in 0.1 mol/L NaOH in the
presence of sodium fluoride (0.2 g/g HA). After several
precipitation/re-dissolution (NaOH)/re-precipitation cycles, the
resultant HA was adsorbed on mica surfaces at different pHs and
imaged using AFM. The smallest particle diameters were found
to be in the range 8–13 nm by AFM, compared with spheroids of
9–12 nm diameter observed by transmission electron microscopy
(TEM) [56]. Chen et al. [57] also observed similar images to those
presented here for HA from an unidentified source.
On the other hand, Balnois et al. [58] studied two standard HAs:
Suwannee River HA (SRHA; International Humic Substances Soci-
ety) and a peat-derived HA (PHA; UK Geological Survey). These
were sufficiently soluble in deionized water, and were free from
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Fig. 6. Tapping mode 3-D topological AFM images (top) and section profiles through the respective AFM images (bottom) for mica containing adsorbed S1 from (a) !0.5 g/L
and (b) !6 g/L solutions in deionized water (see also Fig. 1(a) for the solutions used).
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non-HA impurities. For SRHA the observed pH-invariant AFM
image height was 0.5–2 nm, whereas for the more hydrophobic
PHA aggregated structures (!22 nm) dominated, with a smaller
fraction of 1–3 nm.
With the above studies as background information, it is evident
that the present results for S1 adsorbed on mica show characteris-
tics similar to those seen for other HA samples, including some that
had been exhaustively purified. At our lowest concentration (albeit
higher than in some previous studies), Fig. 6 (position a) is consis-
tent with extended molecules present on the mica surface under
the low ionic strength/neutral pH conditions, resulting in the uni-
form build-up of surface layers [54]. However, the image in Fig. 6
(position b) produced at higher S1 concentration indicates the
presence of smaller adsorbed units exhibiting more regular, dis-
tinct structures. Both images are also consistent with recent
adsorption studies as a function of concentration on highly-
ordered pyrolytic graphite [59] as well as with modeling [60].
However, as was helpfully pointed out by one referee, AFM
images of this type refer only to films built up by dried primary
units, and are not necessarily representative of the structure in
solution. It was also suggested that SAXS measurements, for exam-
ple, could provide additional information in support of solution
structure, particularly if the dispersed units are colloidal, and a
brief study of S1 and S2 solutions is therefore included here.
SAXS allows the probing of different dimensional characteristics
of a system as a function of the scattering vector, q = (4p sin h)/k,
where 2h is the scattering angle and k is the X-ray wavelength.
The approach we have taken here is, admittedly, relatively simplis-
tic, in order to identify differences in scattering behavior of the sol-
uble HA fractions. On a log-log scale, the Porod plots shown in
Fig. 7 plots relate scattering intensity, I(q) to the scattering vector,
q for S1 and S2 solutions in deionized water. In essence, each scat-
tering curve shows two distinct power law regions, in which I(q) /
q"d, where d is the Porod exponent. At high q (>1 nm"1), the scat-
tering is dominated by the internal molecular arrangements of the
structural units. In the lower q range (0.04 nm < q < 0.4 nm in this
case), larger, presumably aggregated, structural units dominate the
scattering. Analysis of scattering from the largest length scale units
was not possible owing to the limitation of the accessible q range.
This also prevented a simple Guinier analysis, according to I(q) /
exp("Rg2q2/3), where Rg is the radius of gyration, as the plots for
S1 and S2 shown in Fig. S4 are not linear, indicating aggregation
or insufficiently low q range.
With due consideration for the limitations associated with the
analysis of SAXS data alluded to above, we analyzed the present
results using the global unified scattering function [61–63] pro-
vided in SansView software (v. 2.1, University of Tennessee).3 This
approach allows for both Guinier and power-law contributions to
the scattering curve, and for S1 and S2, two sets of (Rg,d) parameters
were found to describe the scattering intensity over the q range
studied. The global unified model fitting parameters obtained from
SansView are given in Table 4.
On this basis, the fitting data indicate two scattering regions. At
high q, the Rg value of !10 nm and low Porod exponents for S1,
suggest that the scattering units responsible are semi-flexible
chains (with 1 < d < 5/3) [61,64]. For the S2 solution, the higher d
is characteristic of a mass fractal (for which 5/3 < d < 3) with a swol-
len chain structure [64] and the Porod exponent as defined above
corresponds to the fractal dimension. Additionally, at low q, the
larger scattering units of at least 50 nm for both S1 and S2 are also
consistent with mass fractals, but here they consist of clustered
network structures, for which d #3 [64]. Fig. 7 contains a simple
schematic representation of the solution structure of the two sol-
uble fractions in solution, based on these SAXS characteristics.
Thus, at the molecular level (high q), scattering arises from S1
and S2 chains (low d) with radii of gyration !10 nm. This is a value
similar to the characterization length of 7.8 nm obtained by Shang
and Rice for HA dissolved in alkaline solution [65]. Probing the
solution structure on a greater length scale at low q identifies lar-
ger mass fractal scattering units with Rg !50 nm, although here,
this value will be governed by the lowest q value used in the anal-
ysis since a true Guinier region has not been attained. It can be
seen from Fig. 6, that these dimensions are not reflected in the
AFM image height (z-axis), mainly as a result of the relatively con-
centrated solutions saturating the mica surfaces, thereby obscuring
the z = 0 position. On the other hand, the section taken in the xy
plane, also shown in Fig. 6, indicates the spatial dimensions of
assumed close-packed adsorbed units to be !100 nm and
!50 nm for 0.5 and 6 g/L, respectively. This is consistent with
results from other AFM [53] and TEM [56] studies. Based on Porod
log-log fits to scattering data, other workers have obtained d values
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Fig. 7. SAXS Porod plots for S1 (upper) and S2 (lower) solutions at the indicated
concentrations in deionized water. The solid lines are unified (power law and
Guinier) fits to the data (see text for details). The lower plot also contains schematic
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Table 4
Fitting parameters from SAXS data based on the global unified model.
S1 concentration S2 concentration
2.03 g/L 11.9 g/L 1.59 g/L
Rg(1) (nm) 9.07 11.4 8.95
Rg(2) (nm) 46.6a 51.5a 47.5a
d(1) 1.22 1.25 1.72
d(2) 2.82 2.98 2.84
a These should be regarded as minimum sizes, as they will be limited by the
lowest accessible q value.
3 Later versions of this software are known as SasView.
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between 2.2 and 2.4 for different humic substances in alkaline
solution [65–67]. Osterberg and Morton also estimated from a
SANS analysis an average cluster size of !50 nm for two different
HAs, and an Rg value of 32 nm for one of them [67].
3.4. Implications for the colloidal structure of HA
Characterization of the solubility fractions in the present work
has revealed very significant structural differences between the
soluble and insoluble fractions on the basis of TGA, elemental anal-
ysis, and infrared and solid-state 13C NMR spectroscopy. The latter
spectroscopic data indicate that S1 and S2 are structurally similar,
with molecular weight and acid/base properties [68] likely to
account for their respective solubility behavior. However, differ-
ences between S1 and S2 and their insoluble counterparts I1 and
I2 are more significant. CPMAS 13C NMR spectroscopy reveals
higher aromaticity in the soluble species. This is reinforced by
TGA results which indicate relatively higher aromatic content in
the soluble fractions, and infrared spectroscopy which identifies
lower levels of polysaccharide in S1 and S2.
As described earlier, there have been numerous fractionation
studies on HAs, and the specific species obtained from a particular
HA would be expected to be dependent on the fractionation
method used. Herein, HA fractionation on the basis of water solu-
bility has led us to some considerations regarding HA structure, but
it also provides further evidence for their colloidal nature.
Although the present findings will apply particularly to the com-
mercial HA sample studied, the wider application to other humic
substances should also be considered. Soluble HA fractions at
near-neutral pH conditions are likely to have important functions
in soils, for example, including the regulation of ionic composition
and determining the surface chemistry of minerals.
As already considered above, the structure of humic substances
in general, andHAs in particular, has been the subject of debate over
the years. The earliest models regarded humic materials as random
coil ionic polymers, the conformation of which responded to their
environmental conditions of pH and electrolyte concentration (e.g.
[69]). Subsequently, Wershaw [70,71] suggested a ‘‘membrane-
micelle”model inwhichmixedmicelles are formed froman ordered
aggregation of plant-derived lipids and charged amphiphilic mole-
cules held together byhydrogenbonding andp-p interactions.More
recently, a consensus is developing that humic substances are
supramolecular systems [22,23]. The building blocks involved in
such suprastructures originate from smaller heterogeneous species
derived from aromatic lignins, polysaccharides, proteins and lipids
[22,72], evidence for which is present in the fractions derived in
the present work. Each of these components exhibits different
polarity/solubility characteristics, but their structures allow for
mutual interactions, as proposed, for example, in the lignin-
carbohydrate complex (LCC) model [73] and through interactions
between lipids and ‘‘humic-like fractions”, creating what the
authors term a ‘‘structure-within-a-structure architecture” [13,74].
Through its behavior in water, the HA sample of the present
study has been shown, both here and elsewhere [68], to be a
multi-component mixture of species classes which are not cova-
lently bonded, also supporting separation on the basis of adsorp-
tion [21] and ultrafiltration [19,20].
The colloidal character of HAs has been identified by AFM by a
number of workers [1,53–58] although to the best of our knowl-
edge this is the first time that such an HA sub-fraction has been
imaged by AFM. The topological features of the S1 fraction indi-
cates a relatively small size for adsorbed units on mica, which is
seen to be concentration dependent (Fig. 6), with the higher con-
centration producing the smaller-sized units. In part, the SAXS
analyses agree with the AFM findings based on data at low q, from
which the scattering units in S1 and S2 are suggested to have radii
of gyration of at least 50 nm. In the high q region, the scattering
from Rg !10 nm units is consistent with the characteristic length
determined by Shang and Rice for HA molecules in alkaline solu-
tion [65]. Here, we propose that this latter dimension is character-
istic of the constituents of the larger aggregated structures.
We have also focused mainly on the colloidal properties of S1,
which has the highest water solubility. In respect of its sensitivity
towards flocculation in the presence of indifferent cations, S1 exhi-
bits the classical properties of an anionic colloid, as also found for a
purified HA sample in the presence of Mg2+ by Wang et al. [75].
4. Conclusions
The nature of humic substances continues to be the subject of
ongoing investigations, but it is only relatively recently that the
supramolecular association of heterogeneous species has been gen-
erally accepted as defining their structural organization [22,23]. The
result is that humic substances are multicomponent colloidal sys-
tems, the dispersed phase comprising a diverse range of self-
assembled components, building on the membrane-micelle model
of Wershaw [70,71]. In the present work we have fractionated a
commercial HA sample by sequential dissolution in deionizedwater
and shown that one of the sub-fractions, in particular, behaves as a
hydrophilic anionic colloid. AFM and SAXS measurements suggest
an approximate size for the colloidal dimensions. The results lend
some support for Lehmann and Kleber’s ‘‘emergent view” of the nat-
ure of humic substances inasmuch as we have identified water-
soluble ‘‘forms that are actually soluble in water” [11]. The results
also provide a linkwith the earlier ‘‘polymermodel” inwhich humic
substances were considered as ionic polymers [76].
We have used a multi-technique approach to the study of the
composition and colloidal properties of a commercial sample of
HA. As reported previously by others [24,25], we also observed
unusual solubility behavior of this HA sample, which enabled us
to isolate four fractions by sequential dissolution under near-
neutral pH conditions – two water-soluble products (S1 and S2)
and two water-insoluble residues (I1 and I2). Although not carried
out here, it is possible that a more exhaustive separation scheme,
perhaps including pH and ionic strength variation, would lead to
a greater number of narrower class fractions as are being studied
by Klucˇáková and her coworkers [68,77–79].
The analytical results highlight significant differences between
the soluble and insoluble HA fractions. The former contain propor-
tionally more oxygen (revealed by a combination of elemental
analysis and TGA), with increased carbonyl functionality (>C@O
evident from 13C CPMAS NMR and ATR-IR) and phenol groups (aro-
matic CAOH from ATR-IR). Additionally, the soluble fractions con-
tain a greater aromatic/aliphatic carbon ratio (from 13C CPMAS
NMR and TGA) and a lower polysaccharide CAO content (ATR-
IR). Thus, the components identified here are consistent with
known structural features in all HAs.
As pointed out by Tarasevich et al. [1], to date there have been
relatively few systematic investigations of the effects of concentra-
tion on the form taken by HA in solution. However, using a simple
dissolution approach, we have shown that the original commercial
humic acid used in the present study contains non-covalently
bonded species with different polarity and water solubility. In this
way, the present findings concur with the description of HA as a
supramolecular system, with macromolecules as well as molecular
aggregates being present, as concluded by Baigorri et al. [80].
Acknowledgements
We are grateful to BP America for supporting WMS under the
EngD CDT program in Materials Technology, as well as for
W.M. Swiech et al. / Journal of Colloid and Interface Science 508 (2017) 28–38 37
  199 
 
establishing the CPSC at the University of Surrey. The EPSRC Solid-
State NMR Service facility at Durham University is thanked for the
13C CPMAS analysis. We acknowledge Dr Adam Squires, University
of Bath, for facilitating the SAXS measurements at the Diamond
Light Source and we are also indebted to Violeta Doukova, Rifat
Shaikh and Judy Peters for their expert assistance with TGA, AFM
and microanalysis, respectively. Finally, we are indebted to several
referees for constructive comments.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2017.08.031.
References
[1] Y.I. Tarasevich, S.A. Dolenko, M.Y. Trifonova, E.Y. Alekseenko, Colloid J. 75
(2013) 207–213.
[2] R. von Wandruszka, Geochem. Trans. 1 (2000) 10–15.
[3] L. Gutierrez, M. Pawlik, Int. J. Min. Proc. 126 (2014) 117–125.
[4] L. Gutierrez, M. Pawlik, Int. J. Min. Proc. 126 (2014) 126–135.
[5] J.L. Margeson, V. Hornof, G.H. Neale, J. Can. Pet. Tech. 28 (1989) 57–62.
[6] L.S. Kotlyar, B.D. Sparks, H. Kodama, P.E. Grattan-Bellew, Energy Fuels 2 (1988)
589–593.
[7] M. Ishiguro, W. Tan, L.K. Koopal, Colloids Surf. A 306 (2007) 29.
[8] I. Christl, R. Kretzschmar, Environ. Sci. Technol. 41 (2007) 1915–1920.
[9] L.K. Koopal, T.P. Goloub, T.A. Davis, J. Colloid Interface Sci. 275 (2004) 360–367.
[10] P. Conte, A. Agretto, R. Spaccini, A. Piccolo, Environ. Poll. 135 (2005) 515–522.
[11] J. Lehmann, M. Kleber, Nature 528 (2015) 60–68.
[12] T.F. Guetzloff, J.A. Rice, Sci. Total Environ. 152 (1994) 31–35.
[13] G. Chilom, A.S. Bruns, J.A. Rice, Org. Geochem. 40 (2009) 455–460.
[14] C. Young, R. von Wandruszka, Geochem. Trans. 2 (2001) 16–20.
[15] L.M. Yates, R.R. Engebretson, T.J. Haakenson, R. von Wandruszka, Anal. Chim.
Acta 356 (1997) 295–300.
[16] A. Nebbioso, A. Piccolo, Anal. Bioanal. Chem. 405 (2013) 109–124.
[17] H.K.J. Powell, R.M. Town, Anal. Chim. Acta 267 (1992) 47–54.
[18] P. Conte, R. Spaccini, D. Smejkalova, A. Nebbioso, A. Piccolo, Chemosphere 69
(2007) 1032–1039.
[19] L. Carlsen, P. Lassen, P. Warwick, A. Randall, Chemosphere 33 (1996) 659–670.
[20] O. Francioso, S. Sánchez-Cortés, D. Casarini, J.V. Garcia-Ramos, C. Giavatta, C.
Gessa, J. Mol. Struct. 609 (2002) 137–147.
[21] A. Pitois, L.G. Abrahamsen, P.I. Ivanov, N.D. Bryan, J. Colloid Interface Sci. 325
(2008) 93–100.
[22] A. Piccolo, Soil Sci. 166 (2001) 810–832.
[23] R. Sutton, G. Sposito, Environ. Sci. Technol. 39 (2005) 9009–9015.
[24] M. Klucˇáková, M. Pekarˇ, Colloids Surf. A 252 (2005) 157–164.
[25] M. Klucˇáková, M. Pekarˇ, Colloids Surf. A 318 (2008) 106–110.
[26] C. Gamboa, A.F. Olea, Colloids Surf. A 278 (2006) 241–245.
[27] M. De Nobili, M. Contin, L. Leila, Can. J. Soil Sci. 70 (1990) 531–536.
[28] R.L. Johnson, K. Schmidt-Rohr, J. Magn. Reson. 239 (2014) 44–49.
[29] R.M.B.O. Duarte, A.C. Duarte, Atmos. Environ. 42 (2008) 6670–6678.
[30] V.I. Esteves, A.C. Duarte, Mar. Chem. 63 (1999) 225–233.
[31] R.L. Malcolm, P. MacCarthy, Environ. Sci. Technol. 20 (1986) 904–911.
[32] F.J. Stevenson, K.M. Goh, Geochim. Cosmochim. Acta 35 (1971) 471–483.
[33] A.L. Mafra, N. Senesi, G. Brunetti, A.A.W. Miklós, A.J. Melfi, Geoderma 138
(2007) 170–176.
[34] J. Polak, M. Bartoszek, M. Za˛dło, A. Kos, W.W. Sułkowski, Chemosphere 84
(2011) 1548–1555.
[35] M. Tatzber, M. Stemmer, H. Spiegel, C. Katzlberger, G. Haberhauer, A. Mentler,
M.H. Gerzabek, J. Plant Nutr. Soil Sci. 170 (2007) 522–529.
[36] A. Piccolo, F.J. Stevenson, Geoderma 27 (1982) 195–208.
[37] D.C.W. Tsang, N.J.D. Graham, I.M.C. Lo, Chemosphere 75 (2009) 1338–1343.
[38] P. Innocenzi, J. Non-Cryst. Solids 316 (2003) 309–319.
[39] M. Fuentes, R. Baigorri, G. González-Gaitano, J.M. García-Mina, Org. Geochem.
38 (2007) 2012–2023.
[40] F. Monteil-Rivera, E.B. Brouwer, S. Masset, Y. Deslandes, J. Dumonceau, Anal.
Chim. Acta 424 (2000) 243–255.
[41] A. Majid, J.A. Ripmeester, Fuel 69 (1990) 1527–1536.
[42] H.-S. Shin, J.M. Monsallier, G.R. Choppin, Talanta 50 (1999) 641–647.
[43] N.A. Wall, G.R. Choppin, Appl. Geochem. 18 (2003) 1573–1582.
[44] K. Hayase, H. Tsubota, Geochim. Cosmochim. Acta 47 (1983) 947–952.
[45] M. Terashima, M. Fukushima, S. Tanaka, Colloids Surf. A 247 (2004) 77–83.
[46] R.R. Engebretson, R. Von Wandrusrka, Environ. Sci. Technol. 28 (1994) 1934–
1941.
[47] A. Piccolo, D. Smejkalova, Environ. Sci. Technol. 42 (2008) 699–706.
[48] M. Fukushima, S. Tanaka, K. Hasebe, M. Taga, H. Nakamura, Anal. Chim. Acta
302 (1995) 365–373.
[49] J. Lyklema, Colloids Surf. A 460 (2014) 468–472.
[50] J. Lyklema, J. Colloid Interface Sci. 392 (2013) 102–104.
[51] K. Furukawa, Y. Takahashi, Chemosphere 73 (2008) 1272–1278.
[52] T.A. Sabirjanovna, S. Pasa, D.U. Zhumasilovich, H. Temel, N.G. Oryntayevna,
Desal, Water Treat. 57 (2016) 776–790.
[53] M. Pläschke, J. Römer, R. Klenze, J.I. Kim, Colloid Surf. A 160 (1999) 269–279.
[54] A. Liu, R.C. Wu, E. Eschenazi, K. Papadopoulos, Colloids Surf. A 174 (2000) 245–
252.
[55] J.I. Kim, G. Buckau, G.H. Li, H. Duschner, N. Psarros, Fresenius J. Anal. Chem. 338
(1990) 245–252.
[56] S.C.B. Myneni, J.T. Brown, G.A. Martinez, W. Meyer-Ilse, Science 286 (1999)
1335–1337.
[57] C. Chen, X. Wang, H. Jiang, W. Hu, Colloids Surf. A 302 (2007) 121–125.
[58] E. Balnois, K.J. Wilkinson, J.R. Lead, J. Buffle, Environ. Sci. Technol. 33 (1999)
3911–3917.
[59] Z. Liu, Y. Zu, R. Meng, Z. Xing, S. Tan, L. Zhao, T. Sun, Z. Zhou, Microscopy
Microanal. 17 (2011) 1015–1021.
[60] L.T. Sein, J.M. Varnum, S.A. Jansen, Environ. Sci. Technol. 33 (1999) 546–552.
[61] G. Beaucage, J. Appl. Cryst. 28 (1995) 717–728.
[62] G. Beaucage, J. Appl. Cryst. 29 (1996) 134–146.
[63] G. Beaucage, H.K. Kammler, S.E. Pratsinis, J. Appl. Cryst. 37 (2004) 523–535.
[64] B. Hammouda, J. Appl. Cryst. 43 (2010) 1474–1478.
[65] C. Shang, J.A. Rice, J. Colloid Interface Sci. 305 (2007) 57–61.
[66] J.A. Rice, E. Tombàcz, K. Malekani, Geoderma 88 (1999) 251–264.
[67] R. Osterberg, K. Mortensen, Eur. Biophys. J. 21 (1992) 163–167.
[68] M. Klucˇáková, React. Funct. Polym. 109 (2016) 9–14.
[69] M.M. Kononova, Soil Organic Matter. Its Nature, Its Role in Soil Formation and
in Soil Fertility. Pergamon Press, New York, 1961.
[70] R.L. Wershaw, Env. Health Perspect. 83 (1989) 191–203.
[71] R.L. Wershaw, US Geological Survey Water-Supply Paper, vol. 2410, 1994.
[72] K.H. Tan, Humic Matter in Soil and the Environment. Principles and
Controversies, second ed., CRC Press, Boca Raton, 2014 (Chapters 2 and 5).
[73] C. Colombo, G. Palumbo, R. Angelico, H.G. Cho, O. Francioso, A. Ertani, S. Nardi,
Chemosphere 138 (2015) 821–828.
[74] G. Chilom, A. Baglieri, C.A. Johnson-Edler, J.A. Rice, Org. Geochem. 57 (2013)
119–126.
[75] L.-F. Wang, L.-L. Wang, X.-D. Ye, W.-W. Li, X.-M. Ren, G.-P. Sheng, H.-Q. Yu, X.-
K. Wang, Environ. Sci. Technol. 47 (2013) 5042–5049.
[76] F.J. Stevenson, Humus Chemistry: Genesis, Composition, Reactions, second
Edition., John Wiley & Sons Ltd, New York, 1994.
[77] M. Klucˇáková, R. Kolajová, React. Funct. Polymers 78 (2014) 1–6.
[78] M. Klucˇáková, M. Kalina, J. Soils Sediments 15 (2015) 1900–1908.
[79] M. Klucˇáková, Environ. Sci. Pollut. Res 23 (2016) 7722–7731.
[80] R. Baigorri, M. Fuentes, G. González-Gaitano, J.M. García-Mina, Colloids Surf. A
302 (2007) 301–306.
38 W.M. Swiech et al. / Journal of Colloid and Interface Science 508 (2017) 28–38
